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Preface


Istartedthisresearchintheyearthatmarkedthe 150thanniversaryofthepublicationof‘On
theOriginofSpecies’.Darwin’sbookproposedthe theorythatpopulationsevolvethrough
theprocessofnaturalselection.Thediscoveriese xplainedthediversityofspecies.
Everywherewelook,weseeexamplesofnaturalsele ction.Naturalselectioncanproduce
marvellousadaptations.Buttheresultscannotbep redictedanditdoesnotproduceperfection.
Itismindlessandhasnogoals.Naturalselection istheresultofvariation.Itjustselectsgenes
amongthepopulationthatarefitenoughtosurvive intothenextgeneration.

Ihavealwaysbeenfascinatedbyartificialintelli gence.Machinelearning,artificiallifeand
bio-inspiredheuristicscapturedmyimagination.Wh ocanresistenteringtheworldofAI?

Itishardtofinishathesiswhenworkingfull-tim e.Afterseveralattemptstofindaresearch
project,itwastimetogetthingsmoving.Itwasi mportantformetofindatopicthatinterests
me.What’smore,Iwantedtocarryoutaresearcho nwhichIamcurioustofindanswers.
Thisthesispresentstheresultsofthatresearch.
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Summary

Manyorganisationshavetorepeatedlyproducesched ulesfortheiremployees.Staff
schedulingconsistsofallocatingemployeestotask sandtimeslotswhilesatisfyingcertain
constraints.Staffschedulingproblemshavelarges earchspaces,andtheconstraintscanbe
numerousandcontradictory.Oftenitiscomplexto composeavalidschedule.Itisevenmore
complextodeliveravalidhigh-qualityschedule.A saresult,thereisaneedforasolutionthat
helpstocomposevalidscheduleswhichmeetthereq uirements.

Inthisthesisanevolutionaryalgorithm(EA)isap pliedtosolveareal-worldstaffscheduling
problematmuseum‘BeeldenaanZee’.EAssimulatet heprocessofnaturalselection.They
canbeusedasatechniqueforsolvingoptimisation problemswhichhaveverylargesearch
spaces.AnEAconsistsofapopulationofencodeds olutions,thechromosomes,manipulated
byasetofoperatorsandevaluatedbysomefitness function.Individualsolutions,theparents,
arechosenfromthispopulationtoperformacrosso verofthefeaturestoformanew
individual,thechild.Randomlychosenindividuals willbemutatedtomaintaindiversityin
thepopulation.Allchromosomescreatedareregarde daspotentialsolutionstotheproblem.

Therepresentationofascheduleconsistsofaset ofassignments.Anassignmentcontainsa
combinationofanemployeeanditsposition.Thesc heduleisencodedinachromosomeby
meansofacurrenttimeslotandatimedomainfor eachcorrespondingassignment.Thetime
domainonlycontainstimeslotsforwhichtheemplo yeeisavailableandthepositionrequired.
Thealgorithmallocatesatimeslottoeachassignm ent,inordertofindavalidschedule.This
approachguaranteesthatallchromosomesarefeasib lewithrespecttotheavailabilityofthe
employeesandthepositionrequirements.

Theevolutionaryschedulingalgorithmhasbeenprot otypedandappliedtotestsetsof
museum‘BeeldenaanZee’.Theapproachhasshownto beabletogeneratescheduleswhich
fulfilallconstraints.Theresultsaresubstantial lybetterthantheschedulesgeneratedbythe
currentlyusedalgorithm,anadaptationofagreedy algorithm.Incontrasttothegreedy
algorithmwhichhasatop-downapproach,theevolut ionaryschedulingalgorithmprogresses
inabottom-upfashion,whichoffersmoreflexibili tythanatop-downapproach.The
flexibilityoftheapproachhasbeenshownbyaddin gthreeconstraintswhichmaybe
beneficialforthemuseuminthenearfuture.Thea dditionalconstraintswerefulfilledbythe
EA-approach.

Thealgorithmwasassessedonabenchmarkdataseto fthenurseschedulingproblem,which
isacomplexproblemduetoitsmanyconstraintsan dmanypossiblecombinations.The
resultsofthenurseschedulingproblemwereimprov edbynotstartingwithacompletely
randompopulation,butinsteadintroducingaseedin gstrategy,injectionofhigh-quality
geneticmaterialintothepopulation.Bytheapplic ationofseedingagoodqualityschedule
wasgeneratedinwhichallsevereandmediumsoftc onstraintswerefulfilledandonlyminor
softconstraintswerenotfulfilled.

ThisresearchshowsthattheuseofEAsforsolving staffschedulingproblemsisfeasiblein
suchawaythat(near-)optimalschedulescanbege nerated.Moreover,theapproachhas
showntobeadequatelyflexibletoaddnewconstrai nts,andreasonablygenerictodealwith
newschedulingproblems.
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Samenvatting(Dutch)

Voorveelorganisatiesishetopstellenvanpersone elsroosterseenterugkerendetaak.
Medewerker-roosterplanningbestaatuithettoewijze nvanmedewerkersentakenaan
dagdelenwaarbijvoldaanmoetwordenaanbepaalder estricties.Medewerker-
roosterproblemenkennengrotezoekruimtesentalrij ke,vaaktegenstrijdige,restricties.Hetis
vaakingewikkeldomeenvalidekwaliteitsroosterop testellen.Bijgevolgiservraagnaareen
oplossingdiehetopstellenvanvalidekwaliteitsro ostersdievoldoenaandeeisenenwensen
ondersteunt.

Inditafstudeeronderzoekiseenevolutionaryalgor ithm(EA)toegepastomhetmedewerker-
roosterprobleemvanmuseum“BeeldenaanZee”opte lossen.EA’ssimulerenhetprocesvan
natuurlijkeselectie.Zekunnengebruiktwordenvoo rhetoplossenvan
optimalisatieproblemenmetzeergrotezoekruimten. EenEAbestaatuiteenpopulatievan
gecodeerdeoplossingen,dechromosomen,bewerktdoo reenreeksoperatorenengeëvalueerd
dooreenfitnessfunctie.Individueleoplossingen, deouders,wordengeselecteerduitde
populatieomcrossovervankenmerkenuittevoeren enzoeennieuwindividuthecreëren,het
kind.Willekeuriggeselecteerdeindividuenwordeng emuteerdomdiversiteitindepopulatie
tebehouden.Allegecreëerdechromosomenwordenbes chouwdalspotentiëleoplossingen
voorhetprobleem.

Derepresentatievaneenroosterbestaatuiteenve rzamelingtoewijzingen.Eentoewijzingis
eencombinatievaneenmedewerkereneenrol.Eenr oosterwordtgecodeerdineen
chromosoomdoormiddelvaneenhuidigdagdeelenee ndomeinvoorelketoewijzing.Een
domeinbevatalleendedagdelenwaarindemedewerke rbeschikbaarisenderolvereist.Het
algoritmewijstaanelketoewijzingeendagdeeltoe uithetdomein.Dezeaanpakgarandeert
datallechromosomengeldigzijnmetbetrekkingtot debeschikbaarheidvandemedewerkers
endevereisterollen.

Het“evolutionaryschedulingalgorithm”isgetestd oormiddelvaneenprototypeentoegepast
optestbestandenvanmuseum“BeeldenaanZee”.Dea anpakheeftlatenziendathetmogelijk
isroostersoptestellendievoldoenaanallerest ricties.Deresultatenzijnsignificantbeterdan
deroostersgeproduceerddoorhetmomenteelgebruik tealgoritme,eenbewerkingvaneen
greedyalgoritme.Deflexibiliteitvandeaanpakis gedemonstreerddoortoevoegingvandrie
nieuwerestrictiesdieindetoekomstmogelijkvan toegevoegdewaardekunnenzijnvoorhet
museum.DeextrarestrictieszijningevuldmetdeE A-aanpak.

Dekwaliteitvanhetalgoritmeisbeoordeeldmetee nbenchmarkdatasetvanhetnurse
schedulingprobleem,wateencomplexprobleemisva nwegedeveelvuldigerestrictiesende
talrijkemogelijkecombinaties.Deresultatenvanh etnurseschedulingprobleemzijn
verbeterddoorniettebeginnenmeteenvolledigwi llekeurigepopulatie,maarinplaats
daarvaneen seedingmethodetoetepassen,waarbijgenetischmateriaal vangoedekwaliteit
wordtgeïnjecteerdindepopulatie.Doordetoepass ingvandezeseedingmethodewashet
mogelijkeenroostervangoedekwaliteitteproduce rendatvoldoetaanalleprimaireen
secundairerestrictiesenalleennietvoorzietine nkeleminderbelangrijkerestricties.
5
DitonderzoeklaatziendathetgebruikvanEA’svo orhetoplossenvanmedewerker-
roosterproblemenmogelijkiszodanigdat(bijna-)op timaleroostersgeproduceerdkunnen
worden.Bovendienheeftdeaanpaklatenzienflexib elgenoegtezijnzodatnieuwerestricties
kunnenwordentoegevoegdenvoldoendegeneriekomn ieuweroosterproblementekunnen
verwerken.
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1 Introduction
1.1 Schedulingproblems
Schedulingproblemsareconcernedwiththeallocati on,subjecttoconstraints,ofgiven
resourcestoasetofobjects(timeperiodsorspac e)insuchawaythattheysatisfyasclosely
aspossibleasetofobjectives[47].Atypicalexa mpleisjobshopscheduling:Consideraset
ofjobsofvaryingsizesthatmustbecarriedoutb yidenticalmachines.Eachjobmustbe
carriedoutbyamachine,andcertainjobscannotb estarteduntilotherjobsarecompleted.
Thegoalisthentoallocatethejobstothemachin esinsuchanorderthattheentiresetofjobs
isaccomplishedasquicklyaspossible.

Resourcescanbeexams,lessons,tasks,machines,p ersonsetc.Constraintsarerestrictions
imposedbytheparticularcharacteristicsoftheen vironmentoravailableresourcessuchas
physicallimitationsandtimerestrictions.Objecti vesarecriteriatodeterminethequalityofa
solution.Thesecriteriaareexpressedascomputabl efunctionsofthedecisionvariablescalled
objectivefunctionsorcostfunctions[15].Minimis ingviolationsofcertainconstraintscanbe
representedbyobjectives.Solvingaschedulingpro blemcanbeagreatchallengeduetoits
manyconstraintsandmanypossiblesolutions.

Schedulingproblemsarecomplexoptimisationproble msandNP-complete[28].Thetime
requiredtosolveaschedulingproblemusinganycu rrentlyknownalgorithmincreases
exponentiallyasthesizeoftheproblemgrows.NP- completeproblemscannotbesolved
efficientlywithbrute-forcemethods[28].

Schedulingisfoundinawidevarietyofdomains:s choolsanduniversities,airlinecompanies,
publictransportationandhospitalsareafewexamp les.Thisthesisfocusesonstaffscheduling
problems,whichconsistsofassigningstaffmembers withtheappropriateskillstotasksand
timeslots,whilesatisfyingcertainconstraints.S taffschedulingproblemsrepresentaclassof
multi-criteriaoptimisationproblems,consistingof anumberofinterferingobjectivesbetween
theorganisationandtheemployees.Nowadaysmanyb usinessesrelyonparttimeemployees
whomayhavediverseengagements.Asaresult,inte lligentschedulingisessentialfor
employeesatisfactionandkeepingcostslow.Additi onally,thenumberofchangesin
requirementsincreasestheneedtobuildflexibles olutions,beingabletoadapttonew
constraintsandpreferencesonshortnotice.Theai mofthisthesisistoproposeanadequate
andflexiblesolutionforthestaffschedulingprob lemofmuseum‘BeeldenaanZee’.

Schedulinghasattractedmuchattentionfromresear chers.Numeroussoftwarepackageshave
beendevelopedthatworkwellonaparticularprobl em,rangingfromspreadsheet
implementationstomathematicalmodels.Oftenthey usesomedomainknowledgeinorderto
generategoodsolutions.

Evolutionaryalgorithms(EAs)canbeusedasatech niqueforsolvingcomplexoptimisation
problemswhichhaveverylargesearchspaces[29][3 0].Ingeneral,theydonotrequire
domainknowledgeoftheproblemtheyworkon.Addit ionally,addingnewobjectivesis
relativelystraightforward.Inthisthesistheuse ofEAsisproposedtosolvethestaff
schedulingproblemofmuseumBeeldenaanZee.
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1.2 Research
Theproblemstatementofthisthesisis: TowhatextentcanEAsbeusedtosolvestaff
schedulingproblems?

Thisresearchfocusesontheusabilityofevolution aryalgorithmstoachieveflexibilityinstaff
schedulingsolutions.Theproposedsolutionmethod isappliedtosolvestaffscheduling
problemsatmuseumBeeldenaanZee.Also,thesolut ionmethodwillbeassessedona
benchmarknurseschedulingproblem.

Theresearchquestionsofthisthesis,followingfr omtheproblemstatementdescribedabove
are:
1.  WhatisasuitabledesignforEAstosolvestaffsc hedulingproblems?
2.  TowhatextentcanEAssolvethestaffschedulingp roblematmuseumBeeldenaanZee?
3.  WhatisthequalityofasolutionderivedbyEAson thebenchmarknursescheduling
problem?

1.3 Thesisoutline
Backgroundinformationonschedulingproblems,mult i-objectiveoptimisationandtheuseof
EAstosolveschedulingproblemsisprovidedinCha pter2.InChapter3therequirementsand
constraintsofthemuseumschedulingproblemaresp ecified.Theproposedsolutionis
outlinedinChapter4.Chapter5describestheexpe rimentalsetupandresultsoftheseveral
museumtests.Alsoacomparisonoftheresultsofb oththecurrentschedulingsolutionandthe
useofEAsisprovided.Chapter6describesthenur seschedulingproblemandpresentsthe
resultsofthebenchmarkschedulingtest.Chapter7 presentstheconclusionsonthesuitability
ofEAstoachieveaflexiblesolution.
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2 Background
Inthischapterbackgroundinformationwillbedisc ussed.InSection2.1,ashortdescription
oftheprocessofstaffschedulingisgiven.Constr aintsareexplainedinSection2.2.Section
2.3presentsthegenericrequirementsofstaffsche duling.Greedyalgorithms,whichare
straightforwardsolutionstoschedulingproblems,a redescribedinSection2.4.Insightin
multi-objectiveoptimisationproblemswillbeprovi dedinSection2.5,followedbythe
definitionsofParetoconceptsinSection2.6.Ade scriptionofevolutionaryalgorithmsis
giveninSection2.7.
2.1 Staffscheduling
Staffschedulingistheprocessofconstructingsch edulesforemployeesforacertain
organisation.Staffschedulingconsistsofthefoll owingsteps:

Step1:determinethenumberofemployees,therequ iredskills,taskrequirements,structureof
thetaskschedule,constraintsandtheirrelativei mportance,andothercriteriathatarespecific
fortheorganisation.

Step2:assigntasksorpositionstoemployeesin assignments (combinationofaparticular
employeeandtaskorposition).The schedulerhastoassigneachrequiredtaskorpositionto
anemployeethatisqualifiedforthatpositionor task.Certainemployeesmayhavea
particularlevelofqualificationorresponsibility .Itisusuallypossibletoassignqualifiedstaff
toaregularpositionbutnottheotherwayaround. However,inpractice,qualifiedemployees
aresometimesreluctanttostandinforregularpos itions.Providedthequalificationsand
preferencesoftheemployeesareknown,thisstepc anbeautomatedstraightforwardly.

Step3:allocatetimeslotstoassignments(defined instep2),inordertocomposecomplete
schedules.Theresultofthisstepconsistsofape rsonalscheduleforeachoftheemployees.A
scheduleforanemployeeusuallyconsistsofsequen cesoftasksonworkingdaysandnon-
workingdays.

Step4:determiningthequalityofaschedule,base dontheconstraintsandeachconstraint’s
prioritydefinedinstep1.Constraintswillbefur therdetailedinSection2.2.

Step1and2requirespecificknowledgeabouttheo rganisation,theemployees,theirskills
andthetaskrequirementsandarenotpartofthis research.Thisresearchisaboutstep3and4,
whichformtheactualscheduling.

2.2 Constraints
Thequalityofascheduleisdefinedastheextent towhichtheschedulemeetstheconstraints.
Inmoststaffschedulingproblems,therearemanyc onflictingconstraints.Oftenscheduling
problemshavesomanyconstraintsthatitishardo rsometimesimpossibletosolveall
constraints.Therefore,hardconstraintsandsoftc onstraintscanbedistinguished[8].
Hard constraintscannotbedeviatedfrom;theymustbe satisfiedinordertoachievevalid
schedules.Theyusuallydealwithphysicalorlegal restrictions,forinstanceapersonnot
beingabletobeattwodifferentplacesatthesam etime.Aschedulethatmeetsallhard
constraintsiscalled feasible.
9

Soft constraintscanberelaxed.Theyarerestrictions thatdealwithpersonalpreferences,
efficiency,workinstructionsetc.

Mostacceptablesolutionswillbeunabletosatisfy allconstraints.Assumingafeasible
scheduleexists,thequalityofaschedulecanthen bejudgedfromthenumberofsatisfiedsoft
constraints.Thesesoftconstraintsmayalsobegiv endifferentprioritiesbyusingweights.In
thisthesis,thequalityofeachsolutioniscomput edbycountingthenumberofviolations
multipliedbytheconstraint’sweight.

2.3 Genericrequirementsforstaffschedulingsystems
Astaffschedulingsystemneedstosupportthefoll owinggenericrequirements (adaptationof
ISO/IEC9126softwarequalitymodel) [35].

1–Validityoftheschedule
Ageneratedschedulemustbefeasible,i.e.itmust fulfilallhardconstraints.

2–Efficiencyofemployeeusage
Foreachtimeslotthereshouldbeasufficientnum berofemployeestoservicetheevents
scheduledwithinthatperiod,providedsufficiente mployeesareavailable.

3–Changeabilityoftheschedule
Itmustbepossibletoadaptanexistingschedulet ochangingcircumstances.

4–Flexibility
Itmustbepossibletoaddandmodifyconstraints.

2.4 Greedyalgorithmsandschedulingproblems
Tosolveschedulingproblemsoftenheuristicmethod sareusedtolimitthesearchspaceto
find‘acceptable’solutionswithin‘acceptable’tim e.Greedyalgorithmsareheuristicmethods
oftenusedforschedulingbecausetheyaresimplea ndstraightforward.Thecurrentsolution
usedfortheschedulingproblemofmuseumBeeldena anZeeisanadaptationofagreedy
algorithm.

Agreedyalgorithmisaproblemsolvingheuristicm ethod.Thealgorithmaimstofindthe
globaloptimum,bymakingthelocaloptimalchoice ateachstage.Forexample,applyingthe
greedyalgorithmtotheclassictravellingsalesman problem[17]yieldsthefollowing
algorithm:‘Ateachstagevisittheunvisitedcity nearesttothecurrentcity’.

Greedyalgorithmsareeasytoinventandeasytoim plement.Agreedyalgorithmusually
progressesinatop-downfashion.Ititerativelyma kesonegreedychoiceafteranother,
reducingeachgivenproblemtoasmallerone.Greed yalgorithmsareshort-sightedintheir
approachinthesensethattheytakedecisionsmere lybasedoninformationofthecurrent
stage.Thesedecisionsmayworkoutbadlyforfutur estages.Greedyalgorithmscanmake
commitmentstocertainchoicestooearlywhichprev entsfindingthebestoverallsolution
later.
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Greedyalgorithmsaredeterministicmethodssuccess fullyusedinsolvingawidevarietyof
problems[29].Greedyalgorithmsworkwellforprob lemswhichhaveanoptimal
substructure,whereateachstageachoicecanbem adethatseemstobethebestatthe
moment.Problemshaveoptimalsubstructureiftheb estnextchoicealwaysleadstothe
optimalsolution[17].Schedulingproblemsdonoth aveanoptimalsubstructure.Scheduling
problemsaremulti-objectiveproblemsandNP-comple te.Deterministicmethodsareoften
ineffectivewhenappliedtoNP-completeproblemsbe causetheyrequireproblemdomain
knowledgetodirectorlimitsearchinthelargese archspaces[28].Whenappliedtoa
schedulingproblem,itispossiblethatchoicesmad einpreviousstageshavetobe
reconsidered,becauseanotherpathtothesolution yieldsbetterresults.

2.5 Multi-objectiveoptimisationproblems
Multi-objectiveoptimisationproblems(MOOPs,also calledmulti-criteriaoptimisation
problems)arethoseproblemswherethegoalistoo ptimise kobjectivefunctions f(x)
simultaneously.Thismayinvolvethemaximisationo fall kfunctions,theminimisationofall
kfunctionsoracombinationofmaximisationandmin imisationofthese kfunctions[15].

ThefollowingdefinitionofageneralMOOPiscopie dfrom[16],whichinturniscopiedfrom
[13][15][47]:

DefinitiongeneralMOOP:
Ageneralmulti-objectiveproblemisdefinedas
minimising(ormaximising)of

F(x)=( f1(x),…, fk(x))
subjecttoconstraints,whichareexpressedinform of

mathematicalinequalities: gi(x) ≤0, i={1,…,m}

orequalities:   hj(x)=0, j ={1,…,p}x є Ω

AnMOOPsolutionminimises(ormaximises)thecompo nentsofavector F (x)wherexisan
n-dimensionaldecisionvariablevectorx=(x 1,…,x n)fromsomeuniverse Ω.
gi(x) ≤0and hj(x)=0representconstraintsthatmustbefulfille dwhileminimising(or
maximising) F(x)and Ωcontainsallpossiblexthatcanbeusedtosatisf yanevaluationof
F(x).

Thus,anMOOPconsistsof kobjectivesreflectedinthe kobjectivefunctions, m+ p
constraintsontheobjectivefunctionsand ndecisionvariables.

Duetothemultiple(possiblyconflicting)objectiv esandconstraints,MOOPsmayrequire
specializedoptimisationtechniques.Regardlessof theimplementedtechnique,akeyconcept
manyresearchersuseindeterminingasetofMOOPs olutionsisthatofParetooptimality.

2.6 Paretoconcepts
Inmulti-objectiveoptimisationproblems,thereis notoneuniquesolution,butasetofequally
efficient,alternativesolutions.Havingseveralob jectivefunctions,theaimistofindgood
11
compromisesratherthanasinglesolution.Thenoti onof‘optimum’mostcommonlyusedis
thePareto-optimum,firstdefinedbyVilfredoParet o[42].Paretooptimalsolutionsarethose
individualsforwhichnofurtherimprovementscanb emade.AsolutionisParetooptimalif
noobjectivecanbefurtherimprovedwithoutatlea stoneobjectivebeingdeteriorated.These
solutionsarealsocalledPareto-efficientandare nondominated withrespecttoeachother.
[13][15][47].

Thecollectionofnondominatedsolutionsiscalled the ParetoFront .AnexampleofaPareto
frontisdepictedinFigure2.1: f1and f2aremaximisationfunctions.StartingfrompointA, it
ispossibletoincreasethevaluefor f1withoutdecreasing f2(pointB).Itisalsopossibleto
increase f2withoutdecreasing f1(pointC).Thus,BandCbothdominateA.PointB andC
cannotbefurtherincreasedinanyfunctionwithout beingdecreasedintheotherfunction,
bothpointsareontheParetoFront.


f1
1 2 3 4 5
1
3
2
4
6
5
7
Pareto
front
f2
A
B
C

Figure2.1Paretofront

Ingeneral,itisverydifficulttofindananalyti calexpressionthatcontainstheParetofrontand
inmostcases,itturnsouttobeimpossible[15]. ThenormalproceduretogeneratethePareto
Frontistocomputemanypointsin Ω andtheircorresponding f(Ω).Whenthereisasufficient
numberofthese,itisthenpossibletodeterminet henondominatedpointsandtoproducethe
ParetoFront[15].

Inthisthesis,insteadofusingrankingschemesba sedonthedefinitionofParetooptimality,
themultipleobjectivesareaggregatedinaweighte dsum.Theweightedsummethodhas
oftenbeenusedformulti-objectiveoptimisation[1 2][26].Themethodtransformsmultiple
objectivesintoanaggregatedobjectivefunctionby multiplyingeachobjectivefunctionbya
weightingfactorandsummingupallweightedobject ivefunctions.
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2.7 Evolutionaryalgorithms
Evolutionaryalgorithms(EAs)isagenerictermfor severalstochasticsearchmethodswhich
computationallysimulatethenaturalevolutionary process[25].

EAsareabstractmodelsofthebiologicalevolution aryprocess.Innature,weakandunfit
specieswithintheirenvironmentarefacedwithext inctionbynaturalselection.Strong
individualsaremorelikelytosurviveandpassthe irgenestofuturegenerationsvia
reproduction.Inthelongrun,specieswith‘good’ genesbecomedominantintheirpopulation.
Intheprocessofevolutionrandomchangesintheg enesmayoccur:mutations.Ifthese
mutationsprovideadvantage,thenewspeciessurviv eandcanevenbecomedominant.
Unsuccessfulchangesareeliminatedbynaturalsele ction.Thistheoryofevolutionbynatural
selectionwassetoutbyCharlesDarwinasanexpla nationforadaptationandspeciation.

Ingeneral,anEAconsistsofencodedsolutionsman ipulatedbyasetofoperatorsand
evaluatedbysomefitnessfunction[15].Thefitnes sfunctiondetermineswhichindividuals
areselectedforthenextgeneration,basedonthe qualityoftheindividuals.Thebasic
conceptsofEAs[29]areanalogoustotheirbiologi calcounterparts:Anindividual
correspondstoabiological genotype.Thisgenotypedefinesanindividualorganismwhen itis
decodedintoa phenotype.Agenotypeiscomposedofoneormore chromosomes.A
chromosomeisanencodedsolutiontosomeproblem. Eachchromosomeiscomposedofaset
of geneswhichcanhavecertainvalues,the allelesfromsomegeneticalphabet.Finally,aset
ofchromosomesistermeda population.

TheprocessofanEAisasfollows(depictedschema ticallyinFigure2.2).Atfirsta
populationofsolutions,thechromosomes,iscreate d.Thefitnessfunctionisappliedtothe
candidatesolutionsofeachiteration.Theseindivi dualsarecalledtheparents.Theparents
reproduceoffspring(newindividuals)bycopyingth eirgenes,recombiningthemwiththe
otherparent.Apartofthechromosomesisthenmut ated(randomlychanged).Thenew
candidatescompetewiththeoldcandidatesforthei rplaceinthenextgeneration:survivalof
thefittest.Theprocessisrepeateduntilasoluti onwithsufficientqualityisfoundora
previouslydefinedlimit(e.g.apredefinednumber ofgenerations)isreached.


Figure2.2EAtaskdecomposition


2.7.1 Multipleobjectives
ManyrecentEAsdealwithmulti-objectiveoptimisat ionbyusingrankingschemesbasedon
thedefinitionofParetooptimality[16].However, onproblemsinvolvingmanycompeting
objectives,purePareto-EAscannotbeexpectedtop erformwellduetothelarge
dimensionalityandsizeofthetrade-offsurface[2 6].Asthenumberofobjectivesincreases,
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moreofthepopulationbecomesnon-dominatedandth eselectivepressuredrivingthe
populationtowardstheParetosetfallsrapidly.Th isisbecausealmostallindividualsina
populationarenon-dominatedwitheachotherinthe presenceofmanyobjectives.InPareto
definitiontwocandidatesolutionsareequivalenti ftheyareequalsinallobjectivesor,and
thisismoreoftenthecase,ifatleastinoneobj ectivethefirstsolutionisbetterthanthe
secondone,andatleastinoneobjectivethesecon doneisbetterthanthefirstone.Ina
minimisationproblemwithforinstance10objective s f1,…,f 10 andtwopointsp 1andp 2such
thatinnineobjectivesp 1isbetterthanp 2andinjustoneobjectivep 2isbetterthanp 1, p1 is
usuallyconsideredbetterthanp 2.ByParetodefinition,theyareequivalent.

Ingeneral,ParetodominancebasedEAsdeteriorate theirsearchperformanceandmaysimply
failtoproducesatisfactorysolutionsasthenumbe rofobjectivesincreasestomorethanfour
[2][18][34].Forthisreasonalinearaggregatingf unction,orweightedsumwasusedforthe
fitnessfunction.

2.7.2 Constraint-handlingtechniques
Constraintsneedtobeincorporatedintothesearch engineinordertoavoidconvergence
towardsinfeasiblesolutions[15].Constraintscan behandleddirectlyorindirectly.
Directconstrainthandling meansthattheEAismodifiedtoenforcetheconst raints.
Indirectconstrainthandling meansthattheproblemofsatisfyingconstraintsi sincorporated
inthefitnessfunctioninsuchawaythattheopti malityofthefitnessfunctionimpliesthatthe
constraintsaresatisfied[22].

Themostpopularconstraint-handlingtechniquefor single-objectiveandmulti-objectiveEAs
ispenaltyfunctions[44].Theoptimisationproblem becomesafunctionofminimisingthe
penaltiesofallconstraints.Anidealschedulehas apenalty(orcost)ofzero.Themain
problemwithpenaltyfunctionsisthedefinitionof goodpenaltyfactorsthatcanguide
properlytowardsthefeasiblearea.Alargepenalty discouragestheexplorationofthe
infeasibleregionsincethebeginningofthesearch process.Ontheotherhand,ifthepenaltyis
toolow,agreatdealofsearchtimewillbespent exploringtheinfeasibleregionbecausethe
penaltywillbenegligiblewithrespecttotheobje ctivefunction[45].

Penaltyfunctionsarenottheonlyconstraint-handl ingtechniques.Alternativeapproachesare
eliminatinginfeasiblesolutionsandrepairinginfe asiblecandidates.Eliminatinginfeasible
candidateswouldbeinefficientastheprobability ofhittingafeasiblecandidatebychanceis
practicallyzeroinmostapplications.Repairingin feasiblesolutionsinordertomakethem
feasiblerequiresarepairprocedurethatmodifies agivenchromosomesuchthatitwillnot
violateconstraints[38].However,definingarepai rfunctionmaybeascomplexassolvingthe
problemitselfandmayleadtoalgorithmsthatare tooproblem-specific[24].
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3 StaffschedulingproblemsofmuseumBeeldenaanZ ee
InSection2.1  thestepsofstaffschedulinghavebeendescribed. Thischaptersetsoutthestaff
schedulingproblemsofmuseumBeeldenaanZee.Age neraldescriptionofBeeldenaanZee
isgiveninSection3.1,followedbyadescription ofthestaffschedulingprocessofBeelden
aanZeeinSection3.2.Thesetofrequirementsis listedinSection3.3.Theallocationof
employeestopositionsisdescribedinSection3.4. Section3.5presentstheconstraints.The
chapterconcludeswithadescriptionofthemuseum’ scurrentschedulingsolutionmethodand
itsresultsinSection3.6.
3.1 Museum‘BeeldenaanZee’
Museum‘BeeldenaanZee’(English:‘Sculpturesbyt heSea’)isaprivatemuseumthathasa
focusonmodernsculpture.Themuseumdoesnotrece ivegovernmentsubsidies,butis
sustainedbyvolunteers,whoarecalled‘partners’. Asmallprofessionalstaffdirectsabout
120partnerswhoareresponsiblefortheday-to-day operationofthemuseum.Thepartners
areindividualswhofreelychoosetoworkforthem useumonpart-timebasiswithout
financialremuneration.
Themuseumisopensixdaysperweek(closedonMon days).Eachdailyperiodninepartners
carryoutoperationaltasksinthemuseum,amongwh ich:attendingthemuseumshop,the
coffeeshop,ticketsalesandtakingreservations. Certainpartnersmayhaveaspecific
position.Onmorningsoneofthepartners,the earlybird (inthisthesisaddressedas bird )
opensthemuseum.Anotherpartner,the primus,holdsthepositionofteamleaderforthefull
day.Themuseumoffersguidedtours,whicharecarr iedoutbyoneormore guides.Primus
andguideareonlycarriedoutbypartnersqualifie dforthesepositions.Forbirdno
qualificationisrequired,thispositioniscarried outbyanypartnerwhoenrolledforthis
position.
3.2 Staffschedulingatmuseum‘BeeldenaanZee’
SchedulingofpartnersatBeeldenaanZeeconsists ofconstructingschedulesthatmeetall
hardconstraintsandsatisfyasmanysoftconstrain tsaspossible.Thepartnershavelimited
workinghours;theyusuallyworkamaximumoffour dailyperiodsperfourweeks.Forevery
schedulingperiod(fourweeks)anewschedulehast obegenerated,basedontheavailable
partnersforthatschedulingperiod.Foreverysche dulingperiodthepartnerscanstateor
changetheirpreferences.

Conflictingassignmentsandotherviolationsofcon straintsmustbeprevented;forinstancean
employeecannotbeallocatedmorethanoncepertim eslot.However,certainpositionsmay
becombinedandassignedtothesameemployee(e.g. anemployeecanbeassignedtoprimus
andguideatthesametimeslot)whichcountsfort heemployeeasoneassignment.

Sincethepartnersworkonavoluntarybasis,emplo yeesatisfactionisanimportantaspectfor
themuseum.Thus,thepreferencesofthepartnersa reimportantcriteriainthescheduling
process.However,therelativeimportanceofeacho bjectiveisundefined.
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3.3 Requirements
Thepositionsinthemuseumtobescheduledarepri mus,guide,birdand‘regular’partner.On
generatingascheduleasubsetofnineemployees(t hepartners)fromthesetP={p 1,p 2,..,p n}
hastobeallocatedtoatimeslotfromthesetof timeslotsT={ t1, t2, tk}, k=48(fourweeks
ofsixdays,twotimeslotsperday)inaspecific position,tofilleachtimeslotwiththe
requirednumberofpositions.

Given:
  Listofabout120employees,perschedulingperiod foreachemployeeisindicated:
- Workingtimeslots:maximumnumberofdailyperiods theemployeewantsto
workinthisschedulingperiod
- Availabletimeslots:timeslotsforwhichtheempl oyeeisavailableforscheduling
- Possiblepositions.Forallemployeestheposition ‘partner’ispossible.Nextto
‘regular’partner,theemployeemayenrolforoneo rmore additionalpositions
(bird,primusorguide).Fortheposition‘bird’al sothemaximumnumberof
assignmentsforthispositionisstated.
- Preferenceforworkinghalfdaysorfulldays

  Requiredpositions(listedinTable3.1):
- Primus:oneperday.Thispositionmaybecombined withguide(notwithbird).
Primusmustbeassignedforafullday.Forprimus assignmentsapreferencefor
workinghalfdayswillbeoverruled.
- Bird:onepermorning,onlyonweekdays.Thisposit ionmaybecombinedwith
guide(notwithprimus).
- Guide:twoperdailyperiod.Iftherearenotenoug hguidestofulfilthis
requirement,theprovidedguidesmustbeevenlydis tributedamongthescheduling
period:atleastoneandmaximumtwoguidesperdai lyperiod.Thispositionmay
becombinedwithpositionbirdorprimus.
Partner:atafullcomplementnineemployeesarere quiredforeachtimeslot,sothe
numberofemployeeswillbecompletedwithpartners uptonine.Iftherearenotenough
employeestofulfilthisrequirement,theemployees mustbeevenlydistributedamongthe
schedulingperiod.

 Tuesday-Friday Saturday-Sunday
-> daily period morning afternoon morning afternoon
Requiredpositions    
Bird 1 0 0 0
Primus 1 1 1 1
Guide 2 2 2 2
(‘Regular’)partner 5 6 6 6
Total 9 9 9 9
Table3.1Requiredpositionsperdailyperiod.

Primusandguidearepositionsonlyforqualifiedp artners,theotherpositionscanbefilledby
anyemployee.Thepositionbirdmayonlybeassigne difindicatedbytheemployee,andthe
numberofbirdassignmentsperemployeecannotexce edthenumberindicatedbythe
employee.
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3.4 Allocatingemployeestopositions
Thetaskofcombiningemployeesandpositionsinas signmentsishandledprecedingthe
actualscheduling.Eachworkingtimeslotofeache mployeemustbeallocatedtoaposition
theemployeeisqualifiedfor.Theemployeestates themaximumnumberofworkingtime
slots,thedailyperiodssheorhewantstoworkfo rthisschedulingperiod.Foreachofthe
employee’sworkingtimeslotsheorhewillbeallo catedtoapositioninanassignment.Thus,
iftheemployeestatesfourworkingdailyperiods, thenfourassignmentswillbecomposed
(exceptforcombinedpositions,whichwillbeexpla inedin4.2.1).Allcomposedassignments
areusedforscheduling.Thesetofassignmentsmay haveasurplusofassignmentswitha
particularposition.Consequently,theresultingsc hedulemayhavea(small)surplusofthese
positionsoncertaintimeslots.Inthatcasethes chedulercanchoosewhichemployeetouse
fortheadditionalposition;anysuperfluousemploy eescanbeusedasregularpartneror,in
caseofasurplusofemployees,discardedfromthe schedule.

Employeesmayenrolformultiplepositions.Inprac tice,93%oftheemployeesare‘regular’
partnersorhaveenrolledformerelyoneadditional position.Thus,tocombinetheemployee
andapositioninanassignmentisstraightforward andcanbeautomated.Theassignmentsfor
thetestdataarestatedinAppendixAandAppendix D.
3.5 Constraints
TheconstraintsofthemuseumarelistedinTable3 .2.

# Constraint Hard/soft
1
maximumoneassignmentperemployeeperdailyperio d
(combinationsofprimusandguideorbirdandguide areallowed).
hard
2 Anemployeecanonlybeassignedondaysortimesl otsmarkedasavailable. hard
3
Numberofassignmentsmustnotexceedthepredefine dmaximumnumberofassignmentsper
schedulingperiod,forthisemployee.
hard
4
Thenumberofassignmentsforthepositionbirdmus tnotexceedthepredefinednumberforthis
employee.
hard
5 Anemployeecanonlybeassignedtopositionsthis personisqualifiedfor. hard
6 Primusmustbeassignedforafullday. hard
7 Requirednumberofpositionsperdayforprimusmus tbefilled. soft
8 Requirednumberofpositionsperdayforbirdmust befilled. soft
9 Requirednumberofpositionsperdayforguidemust befilled. soft
10 Requirednumberofemployeesperdaymustbefilled . soft
11
Employeemustbeassignedforhalfdaysifpreferre d(exceptforprimus,whichisalwaysassigned
forafullday).
soft
12 Employeemustbeassignedforfulldaysifpreferre d. soft
13
Everyemployeewhoisqualifiedforprimusshouldb eassignedprimusatleastonceper
schedulingperiod.
soft
14
Theindividualassignmentsofanemployeehavetob eequallydistributedoverthescheduling
weeks.
soft

Table3.2Hardandsoftconstraintsforthemuseum schedulingproblem.

Coverconstraints
Constraints7,8,9and10areconsideredsoftcons traintsbecauseaschedulewithfewerthan
therequiredpositionsand/oremployeesisconsider edfeasible.Sincetheemployeesworkon
avoluntarybasis,sometimestherequirednumberof employeescannotbefilled.Missing
positionswillthenbefilledmanually,fromaset ofemployeesreservedforchangeability
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reasons.Thismanualschedulingwillbedoneafter theautomatedschedulingandisnotpart
ofthisresearch.

Distributionofassignments
Forconstraint14,foreachemployeethemaximumnu mberoftimeslotsperweekisthe
numberofworkingtimeslotsperschedulingperiod (asindicatedbytheemployee)dividedby
thenumberofweeks(4),roundeduptothenearest integer:

Maximumtimeslotsperweek=ceil(numberofworki ngtimeslots/4)

Forexample:foranemployeewith6workingtimesl otsthemaximumnumberoftimeslots
perweek=ceil(6/4)=2.
Iftheemployeecanbeassignedforfulldaysandi fceil(numberofworkingtimeslots/4)is
anoddnumber,then:

Maximumtimeslotsperweek=ceil(numberofworki ngtimeslots/4)+1

Forexample:foranemployeewith4workingtimesl otswhocanbeassignedforfulldays,
themaximumnumberoftimeslotsperweek=ceil(4 /4)+1=2.Constraint14isfulfilledif
fornoemployeesthemaximumnumberoftimeslotsp erweekisexceeded.Thereisno
minimumnumberoftimeslotsperweek.


ForthisresearchalsothefutureconstraintsinTa ble3.3havebeenadded:

# Constraint Hard/soft
15 Notworkingtwoconsecutivedays,ifindicatedfor thisemployee. soft
16 Assignmentsonsameday/timeasfavouritecolleague soft
17 Extraguideonoccasionaldays soft

Table3.3Futureconstraintsforthemuseumschedul ingproblem

3.6 Currentmuseumschedulingsolution
Thecurrentmuseumsolutionisagreedyalgorithmt hatusesdomainknowledgetodirect
search.Tofindasuitableschedulethealgorithmi srunaboutfivehundredtimes.Fromthe
resultingsettheschedulewiththehighestnumber ofallocatedemployeesisselected.
Positionswhicharedifficulttofulfilareschedul edfirst.Inthefirststepthepositionsprimus
andguidearescheduled,employeeswiththeseposit ionsaremostscarceandthereforemost
difficulttoschedule.Inthesecondsteptheposit ionbirdisscheduled.Thelaststepisto
scheduletheremainingpartners.However,fulfillin gapositionisjustoneaspectofthe
problem.Thecomplexityoftheproblemliesinthe combinationofconstraints.Itisnot
possibletoreturntoapreviousstepinthegreedy algorithm.Furthermore,theinformation
aboutwhichpositionismostdifficulttofillini snotconfigurable.

3.6.1 Testsets
Thecurrentmuseumschedulingsolutionwasrunont wodifferenttestsets.

Testset Ample contains477workingtimeslots(sumofworkingti meslotsofallemployees),
which,leavingotherconstraintsaside,ismoretha nadequatetofillthe432requiredtimeslots
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(48timeslots,foreachtimeslot9employeearer equired).Testset Scarcelycontains439
workingtimeslots,whichisonlylittlemorethan therequired432timeslots.

Theemployeesareallocatedtopositionsinassignm entsasdescribedinAppendixA(Ample)
andAppendixD(Scarcely).Theprovidedprimusand birdtimeslotsofbothsetsoutnumber
therequirednumber,bothsetshaveashortageofg uidetimeslots.

Therequirednumberoftimeslotsintheschedulea ndtheprovidedtimeslotsinthetestsets
arelistedinTable3.4.Thecompletetestsetsare includedinAppendixA(testsetAmple)and
AppendixD(testsetScarcely).

Requiredworkingtimeslots
Requiredtotalworkingtimeslots 432
Requiredtimeslotsguide 96
Requiredtimeslotsprimus 48
Required timeslots bird 16
Providedworkingtimeslots  TestsetAmple TestsetScarcely
Providedworkingtimeslots
(sumofworkingtimeslotsforallemployees)
477 439
Workingtimeslotsprimus
(sumoftimeslotsforprimusemployees,for
employeeswithoddnumberoftimeslots:working
timeslotsminusone)
721  68 1
Workingtimeslots  guide
(sumoftimeslotsforguideemployees)
80 66
Workingtimeslots  bird
(sumofmaximumbirdtimeslotsforbird
employees)
301 301
Employeedata 
Employees 120 111
Averageprovidedworkingtimeslotsper
employee
3.98 3.95
Averageavailabilityperemployee
(timeslotsindicatedasavailabledividedbysum
oftimeslotsfortheschedulingperiod)
15.1/48=0.31 13.5/48=0.28
Employeeswithpreferenceforfulldays 36 27
Employeeswithpreferenceforhalfdays 75 75
Nopreferencestated 9 9
Table3.4Summaryofthetestdata.

                                              
1
Foremployeeswhohaveenrolledforbothprimusan dbird,eachoftheirworkingtimeslotscanbeass ignedto
eitherbirdorprimus,notacombination.Thus,the actualprimusandbirdtimeslotswillbefewerth anstatedin
thistable.
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Theconstraintviolationsofbothtestsarelisted inTable3.5.

Test
Ample
Test
Scarcely
# Constraint Hard/soft numberof
violations
numberof
violations
1
maximumoneassignmentperemployeeperdailyperiod
(combinationsofprimusandguideorbirdandguideareallowed ).
hard 0 0
2 Anemployeecanonlybeassignedondaysortimeslotsmark edasavailable. hard 0 0
3
Numberofassignmentsmustnotexceedthepredefinedmaxim umnumberofassignmentsper
schedulingperiod,forthisemployee.
hard 0 0
4
Thenumberofassignmentsforthepositionbirdmustnotex ceedthepredefinednumberforthis
employee.
hard 0 0
5 Anemployeecanonlybeassignedtopositionsthisperson isqualifiedfor. hard 0 0
6 Primusmustbeassignedforafullday. hard 0 0
7 Requirednumberofpositionsperdayforprimusmustbefil led. soft 0 2
8 Requirednumberofpositionsperdayforbirdmustbefille d. soft 0 0
9 Requirednumberofpositionsperdayforguidemustbefilled . soft 6 2
10 Requirednumberofemployeesperdaymustbefilled. soft 1 23
11
Employeemustbeassignedforhalfdaysifpreferred(exceptfo rprimus,whichisalwaysassigned
forafullday).
soft 0 0
12 Employeemustbeassignedforfulldaysifpreferred. soft 0 0
13
Everyemployeewhoisqualifiedforprimusshouldbeassig nedprimusatleastonceper
schedulingperiod.
soft 0 0
14
Theindividualassignmentsofanemployeehavetobeequ allydistributedoverthescheduling
weeks.
soft 0 0
sum 7 27

Table3.5Constraintviolationsontwovaryingmuse umtestsetswithagreedyalgorithm
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3.6.2 Qualityofthesolutions
Theresultsandmeasureofqualityofbothtestsar esummarisedinTable3.6.Thecomplete
schedulesaredescribedinAppendixC(Ample)andA ppendixF(Scarcely).

Criterion TestAmple TestScarcely

Results 
Allocatedtimeslots 431 409
Shortageofguides
(providedguides-scheduled
guides)
6 2
Timeslotswithzeroguides 2 4
Shortageofprimus 0 2
Shortageofbird 0 0
Shortageofstaff  (allpositions)  1 23
Lowestnumberofemployeesper
dailyperiod
8 7
Violationsof  employeepreferences  0 0
Quality 
Yieldforguides%
(scheduledtimeslotsguide/
providedtimeslotsguide)
93 97
Yieldforprimus%
(scheduledtimeslotsprimus/
requiredtimeslotsprimus)
100 96
Yieldforbird%
(scheduledtimeslotsbird/required
timeslotsbird)
100 100
Yieldfortotalstaff%
(scheduledtimeslots/required
timeslots)
99.8 95
Table3.6Testsetsandresultsofthecurrentmuse umschedulingsolution

Thetestresultsshowashortageoftimeslotsfor employees,ashortageofguidesandfor
Scarcelyalsoashortageofprimus.Aswellasthe shortageofguides(notallprovidedguide
timeslotsarescheduled),therearetimeslotswit hthreeguides,whereasthereareothertime
slotswithnoguidesatall.Thus,theprovidedgui desarenotequallydistributed.

Thegreedyalgorithmmeetsonlyoneofthethreege nericrequirementsposedinSection2.3,
namely:

1–Validityoftheschedule
Theresultsshowthatinbothtestsallhardconstr aintsarefulfilled,whichmeanstheschedules
arefeasible.Thus,thegreedyalgorithmcompliesw iththevalidityrequirement.

2–Efficiencyofemployeeusage
Thegreedyalgorithmdoesnotmeettheefficiencyr equirement,becausetherequired
positionsarenotcompletedwhereasavailableemplo yeesarenotallocated.
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3–Changeabilityoftheschedule
Theresultingschedulescannotbemodified.Incase ofchangingcircumstances,theresulting
scheduleshavetobeadaptedmanually.Thus,thech angeabilityrequirementisnotfulfilled.

4–Flexibility
Addingnewconstraintsmayaffecttheschedulingst rategy,andthereforewouldtakea
considerableamountofefforttoimplement.Thegre edyalgorithmdoesnotmeetthe
flexibilityrequirement.
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4 Anevolutionaryschedulingalgorithm
ThischapterdescribeshowEAscanbeappliedtoso lvethestaffschedulingproblemof
museumBeeldenaanZee.Thechromosomeencodingis discussedinSection4.1.Section4.2
discussesconstrainthandling:directconstraintha ndlinginSection4.2.1andindirect
constrainthandlinginSection4.2.2.Section4.3d escribesthecreationoftheinitial
population.Theselectionofsolutionsisexplained inSection4.4,followedbyadescriptionof
elitisminSection4.5.Evolutionaryoperatorsare presentedinSection4.6.Thechapteris
summarisedinSection4.7

4.1 Chromosomeencoding
Ascheduleisrepresentedasafixedsetofassignm ents[1].Anassignmentisaparticular
combinationofanemployeeandaposition.Acombin ationofanemployeeandaposition
mayoccurmultipletimesintheschedule,eachoccu rrencewillbeplacedinaseparate
assignment.Theassignmentsarestatic;theyareno tchangedbytheschedulingalgorithm.
Theprocessofcomposingtheassignmentsishandled inthestepsprecedingtheactual
scheduling,see2.1.Thesetofassignmentsissche maticallyrepresentedinFigure4.1.A
partialsetofassignmentsfortestsetAmpleispr esentedinAppendixA,Table8.1.


Figure4.1Aschedulerepresentedasasetofassig nments

Inordertoapplyanevolutionaryalgorithm,theca ndidatesolutionshavetobeencodedin
chromosomes.Eachchromosomerepresentsacomplete setoftimeslotsforthesetof
assignments.Achromosomeisdividedin ngenes;eachgenecorrespondstoanassignment
bymeansofanindex.Ageneconsistsofa(initial lyempty)currenttimeslotandatime
domain,whichisasetofvalidtimeslotsforthe assignment.Theschedulingalgorithmmust
allocateatimeslottoeachgenefromitstimedom aininordertofindafeasibleschedule.The
chromosome’sdesignisshowninFigure4.2.Aseto fassignmentsandapopulationoffive
chromosomesareschematicallyrepresentedinFigure 4.3.

NBinthisthesisthephrase‘allocateatimeslot toanassignment’willbeused
interchangeablywith‘allocateatimeslottoagen e,whichcorrespondstoanassignment’.
Also,thephrases‘theassignment’stimeslot’and ‘theemployee’stimeslots’willbeused
interchangeablywith‘thetimeslotofthegenewhi chcorrespondstotheassignment’and
‘timeslotsofthegeneswhichcorrespondtotheem ployee’sassignments’.
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Figure4.2Chromosomedesign.


Figure4.3Schematicrepresentationofasetofass ignmentsandapopulationof5chromosomes.

Thischromosomedesignwaschosenbecauseitpreven tsschedulingemployeeson
unavailabletimeslots(constraint2).Also,certai nhardconstraintsarefulfilledinitially:
Constraint3 numberofassignmentsmustnotexceedthepredefine dnumberofassignments
perschedulingperiodforthisemployee
Constraint4 thenumberofassignmentsforthepositionbirdmus tnotexceedthepredefined
numberforthisemployee
Constraint5 anemployeecanonlybeassignedtopositionsthis personisqualifiedfor .
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4.2 Constrainthandling
Inthisresearchdirectandindirectconstrainthan dlingareappliedincombination.Inaddition
tofitnessevaluation(indirectconstrainthandling ),constraintenforcement(directconstraint
handling)isappliedtoseveralconstraints.Direct constrainthandlingmaybebeneficial,
especiallyforhardconstraintsbecausenoinfeasib leschedulewillemerge.Iftheconstraintis
genericforschedulingproblems,itisworthwhilet ousethistechnique.Forsomeconstraintsit
isnotstraightforwardtomodifythealgorithmtoe nforcetheconstraint.Forinstance,thehard
constraint ‘Maximumoneassignmentperemployeeperdailyperi od’isdifficulttoenforce
becausebycrossoverandmutationnewemployeeclas hes(twoormoreassignmentsofthe
sameemployeeallocatedtothesametimeslot)may emerge.Inthatcase,andformostofthe
softconstraints,theconstraintissolelyhandled bytheuseofafitnessfunction.

Table4.1presentstheconstraintsofBeeldenaanZ ee,theirhandlingtechniquesandthe
correspondingobjectives.Thisinformationwillbe furtherdiscussedin4.2.1and4.2.2.
# Constraint Hard/soft Solvedby Objective
1 Maximumoneassignmentperemployeeperdailyper iod
(combinationsofprimusandguideorbirdandguide are
allowed).
hard fitness/time
domain
Minimisenumberofemployeeclashes
2 Anemployeecanonlybeassignedondaysortime slots
markedasavailable.
hard timedomain Preventassignmentsonunavailable timeslots
3 Numberofassignmentsmustnotexceedthepredefi ned
maximumnumberofassignmentsperschedulingperiod ,
forthisemployee.
hard initially
fulfilled
Preventexceedingthemaximumnumberof
assignmentsperemployee
4 Thenumberofassignmentsforthepositionbirdm ustnot
exceedthepredefinednumberforthisemployee.
hard initially
fulfilled
Preventexceedingthemaximumnumberofbird
assignmentsperemployee
5 Anemployeecanonlybeassignedtopositionsthi s
personisqualifiedfor.
hard initially
fulfilled
Preventallocatingunqualifiedemployeesto
qualifiedpositions
6 Primusmustbeassignedforafullday. hard bloc ks Preventhalfdayprimusassignments
7 Requirednumberofpositionsperdayforprimusm ustbe
filled.
soft fitness Minimisedayswithfewerthanpreferre dprimus
8 Requirednumberofpositionsperdayforbirdmus tbe
filled.
soft fitness Minimisedayswithfewerthanpreferre dbirds
9 Requirednumberofpositionsperdayforguidemu stbe
filled.
soft fitness Minimisedayswithfewerthanpreferre dguides
10 Requirednumberofemployeesperdaymustbefil led. soft fitness Minimisedayswithfewerthanreq uiredemployees
11 Employeemustbeassignedforhalfdaysifprefe rred
(exceptforprimus,whichisalwaysassignedfora full
day).
soft fitness Minimisefull-dayassignmentsifindic atedforhalf-
day
12 Employeemustbeassignedforfulldaysifprefe rred. soft blocks Maximisefulldayassignmentsif preferred
13 Everyemployeewhoisqualifiedforprimusshoul dbe
assignedprimusatleastonceperschedulingperiod .
soft manually Minimiseprimus-employeeswithoutpri mus
assignments
14 Theindividualassignmentsofanemployeehavet obe
equallydistributedovertheschedulingweeks.
soft fitness/time
domain
Minimiseunequallydistributedassignments
15 Notworkingtwoconsecutivedays,ifindicatedf orthis
employee.
soft fitness Minimiseconsecutivedays(ifindicate dforthe
employee)
16 Assignmentsonsameday/timeasfavouritecollea gue soft fitness Minimiseassignmentsforcoupleon differenttime
slots
17 Extraguideonoccasionaldays soft fitness Mini misedayswithfewerthanpreferredguides
18 Niching soft fitness Restrictnumberofchromosomeswiths imilar
fitness

Table4.1Constraints,handlingtechniquesandobje ctives
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Allassignmentswillbescheduled.However,forthe museumschedulingproblemthenumber
ofprovidedtimeslotssometimesexceedstherequir ednumber.Consequently,thesolution
willhavea(small)surplusoftimeslots.Bythis wayofschedulingthechangeability
requirementwillbefulfilled,theusercanchoose whichemployeestodiscardorallocate.In
caseanemployeewantstotakeadayoffonshortn otice,itispossibletochooseoneofthe
otheravailableemployeesforthatdayandtime,wi thoutviolatingconstraints.Forthesame
reasonstheprimus-constraint( everyemployeewhoisqualifiedforprimusshouldb eassigned
primusatleastonceperschedulingperiod )willbesolvedmanuallybytheuser.Moreover,it
isassumedtobeanadvantageiftheusercandecid ewhichemployeetoallocatetoprimus
becausesomeemployeeswhoarequalifiedforprimus arereluctanttostandinforaregular
position.

4.2.1 Directconstrainthandling:constraintenforc ement
Directconstrainthandlingmeansthatfeasiblechro mosomeshavetobecreatedand
maintainedinthepopulation.Toenforcefeasibilit y,severalfeatureshavebeenaddedtothe
chromosomerepresentationtofulfiltheconstraints .Byfixingfeaturesinthechromosomethe
constraintscannotbeviolated,whichisrequiredi ncaseofhardconstraintsandpromotes
goodqualitychromosomeswhenappliedtothesoftc onstraints.

Block
Forthemuseumschedulingproblemitisrequiredto schedulecertainassignmentsforafull
day.Thepositionprimusrequirestobescheduledf oranentireday(Table4.1,constraint6)
andsomeemployeesprefertoworkfulldays(Table 4.1,constraint12).Thisconstraintoccurs
inotherschedulingproblemsaswell.Itisenforce dbymakinga‘block’oftwogenes,the
timeslotsintheblockwillbescheduledconsecuti vely,seeFigure4.4.Theevolutionary
operatorsarenotallowedtosplittheblockormut ateoneofthegeneswithoutmutatingthe
other;thiswillbeexplainedinSection4.6.Ablo ckisalsoappliedtofulfilthesoftconstraint
‘Employeesmustbeassignedforfulldaysifprefer red’(Table4.1,constraint12).Asa
consequence,thisconstraintcannotbeviolated.



Figure4.4Blockoftwogenes.

Timedomain
Theavailabilityofbothemployeeandpositionise stablishedinthetimedomain.Thedomain
containstimeslotsinwhichtheemployeeisavaila bleandthepositionisrequired.For
instance:theposition‘bird’isonlyrequiredonm orningsandnotonweekends.Soforagene
thatcorrespondstoabird-assignment,allafternoo nsandallweekendswillbeexcludedfrom
thetimedomain.Similarly,onlytimeslotsonwhic htheemployeeisavailablewillbeadded
tothetimedomain.Inthemuseumschedulingproble mtheconstraintconcerningthe
availabilityofemployees(Table4.1,constraint2) ishard,soitmustalwaysbefulfilled.By
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excludingunavailabletimeslotsfromthedomain,s cheduleswithinvalidtimeslotsfor
employeesorpositionswillbeavoided.

Todistributeassignmentsequallyamongtheschedul ingperiod(Table4.1,constraint14)two
differenttechniqueshavebeenapplied:
- Forsingle-positionemployees(i.e.alltheemploye e’sassignmentshavethesame
position)theschedulingperiodwillbedividedint oequal,distinctsharesandeachgene’s
timedomainreceivesitsshareoftheschedulingpe riod.Incaseanemployeehasfour
assignmentsandtheemployeepreferstoworkhalfd ays,eachgenereceivesthe
employee’savailabletimeslotsforoneworkingwee k.Afurtheradvantageisthatno
employeeclashescanemerge(becausethedomainsar edistinct),thusconstraint1willbe
fulfilled.Thesolutionisschematicallydepictedi nFigure4.5.



Figure4.5Distinctdomainsforsingle-positionemp loyees:availabletimeslotsdistributedamongdoma ins.

- Formulti-positionemployees(e.g.anemployeehas oneassignmentfor‘bird’andthree
for‘partner’),eachdomainreceivesthecompletes chedulingperiod.Theconstraintwill
befulfilledsolelybyafitnessfunction(fitness evaluationwillbedescribedinthenext
section).Adrawbackofthistechniqueisthatempl oyeeclashescanemergebecauseofthe
overlappingdomains.Thesolutionisschematically depictedinFigure4.6.
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Figure4.6Overlappingdomainsformulti-positione mployees

Sametime
Thepositionof‘primus’and‘guide’canbefilled bythesameemployeeatthesametime.If
anemployeeisqualifiedforbothpositions,itmay beefficienttohavetheemployeefillboth
positionssimultaneously.Thisconstraintcanbeen forcedbycomposingtwoassignments(one
foreachposition),andcorrelatetheircorrespondi nggenesbycross-reference.Eachgene
referstothecorrelatinggene.Bycorrelatingthe genesitispossibletoallocatethesametime
slottobothgenes.Itshouldbenotedthatthisis avalidduplicateallocation,itisarequired
situationsothefitnessevaluationmustnotpenali sethesegenes.
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4.2.2 Indirectconstrainthandling:fitnessevaluat ion
Infitnessevaluation,thequalityor fitnessofthesolutionsisassessedonthebasisofhoww ell
theconstraintsaresatisfied(Figure4.7,line4– 6andline49-51).Theconstraintsare
transformedintooptimisationobjectives.Todeterm inewhichschedulesofagenerationwill
‘survive’,foreachindividualthefitnessmustbe assessed.Themostemployedmethodto
handleconstraintsistheuseofpenaltyfunctions.

Penaltyfunctions
Inapenaltyfunctionthecostofanyscheduleise xpressedasthesumofpenaltiesforeach
violatedconstraint.Foreachviolationofaconstr aintapenaltyisgivenbythepenalty
functions.

Thefitnessiscomputedbysummingupallpenaltyf unctionsmultipliedbytheir weights.The
weightingcoefficientrepresentstherelativeimpor tanceoftheconstraint.
Fitness= ∑
=
k
i 1
wifi(x)
Where wi isthe ith objective’sweightand fi the ith objective(penalty)function

Theaimofthealgorithmistolowerthefitness.T hebestscheduleistheindividualwiththe
smallestfitnessvalue.Aperfectschedulehasafi tnessofzero.

Foreachchromosome,thecostofeachconstraintis calculated.Foranytimeslot,the
employeeshortagecost istherequirednumberofemployeesforthattime slot(whichis9for
alltimeslots)minusthenumberofemployeesthat isallocatedtothattimeslot.If n
employeesareallocatedtoatimeslot(with n ≤9),thentheemployeeshortagecostis9– n.If
n  ≥9thentheemployeeshortagecostiszero.Theemp loyeeshortagecostofthechromosome
isthesumoftheemployeeshortagecostforallpe riodsinthechromosome.Similarly,the
costsforallotherconstraints(seeTable4.1)are calculated.

ForBeeldenaanZee,therelativeworthofeachcon straintcannotbederivedfromdomain
knowledge.Nopriorityisgivenforthesoftconstr aints.Also,whetheraconstraintcanbe
fulfilleddependsontheinputdataandcannotbep redicted.Byexperimentingtherelative
‘difficulty’ofmeetingeachconstraintwasestimat edandtheweightswereadjustedinorder
tofindanoptimalschedule.

Nicheinduction
Intheprocessofevolutionthebestsolutionswill evolvetotheseveraloptima.Thesearethe
candidatesolutions.Eachoptimumcanbethoughtof asa niche [40].If,inacertain
generationapotentialoptimumhassignificantlymo recandidatesthanotheroptima,thenthis
willbeattheexpenseofoneormoreotherpotenti aloptima,whichwillhavefewer
candidatesintheirniche(becausethespaceislim ited).Inanobjectivespacecontaining
severaloptimaa nicheinductionmethod promotessimultaneoussamplingofdifferentoptima
bystimulatingdiversityinthepopulation[20].To stimulatethediversityofapopulation,the
numberofsolutionsfromthesameareaintheobjec tivespace,the nichecount ,hastobe
restrictedandthenumberofindividualsfromthinl ypopulatedareashastobepromoted.This
helpsthealgorithmexplorethefitnesslandscape[ 31].
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Similarityofindividualscanbedeterminedbymean sofagenotypicorphenotypicmeasure
[41],yetthisiscomputationallyexpensive.Becaus eindividualsofsimilarfitnessareresiding
atthesameniche,afitnesssimilaritycriterionc anbeusedtodetermineindividualsofthe
sameniche[41].Chromosomeswithsimilarfitnessm aybegenotypicallydissimilar.For
instance,onechromosomecanhavegenes,correspond ingtoassignmentsofthesame
employeeandposition,withtimeslots3-0,9-0and 21-1.Anotherchromosomecanhave
similartimeslotsbutinadifferentsequence,e.g .9-0,3-0and21-1.Thesechromosomesare
genotypicallydifferent,butsimilarinphenotype( becausetheycorrespondtothesame
employeeandposition)andfitnesscriterion.Furth ermore,thesimilarityinfitnessof eachof
theobjectives iscompared,whichassuresthesimilarindividuals areinthesameniche.

Inthisresearchnicheinductionisconductedbyde creasingthefitnessofindividualswith
similarfitnessbymeansofanadditionalpenaltyf unction.Thisnichecountpenaltyfunction
countsthenumberofsimilarchromosomes(chromosom eswhichhavesimilarfitnessforeach
oftheobjectives)andpenalisessimilarsolutions aboveathresholdvalue.Onlyindividuals
withgoodfitnessarepronetodominatethepopulat ion.Therefore,thenichecountpenalty
functionisonlyappliedtoindividualswithafitn essvalueofmaximumthreetimesthe
population’sbestindividual,whichreducestheamo untofcomputation.Anarbitrary
thresholdoffivewasused.Similarchromosomesabo vethisthresholdwillbegivenan
additionalpenalty.
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Theevolutionaryschedulingalgorithmisdescribed inpseudocodeinFigure4.7

1 FOR populationDO
2 createchromosomewithrandomcurrenttimeslots
3 END-FOR
4 FOReachchromosome DO
5 calculatefitness
6 END-FOR
7 Sortpopulationonfitnessvalues
8 WHILE (numberofgenerations<limit ANDnoperfectindividual) DO
9 removeworst50%ofoldpopulationandreplaceby newgenerationby:
10 FOR best50%ofpopulation DO
11

elitiststrategy
12

copy5bestsolutionsdirectlytonextgeneration( elite)
13 tournamentselectionparents:
14 randomlyselectchromosome-1
15 randomlyselectchromosome-2
16 randomlyselectchromosome- n
17 selecttwobestindividualsfrom(chromosome-1,chr omosome-2,chromosome- n)
18 asparent-1andparent-2
19 crossover:
20 createtwoemptychromosomeschild-1andchild-2
21 copystaticdata(domain)intochild-1andchild-2
22 randomlyselectcrossoverpoint(genenumber)x
23 FOReverygeneleftofxDO
24 copycurrenttimeslotfromparent-1intocorrespon dinggeneofchild-1
25 copycurrenttimeslotfromparent-2intocorrespon dinggeneofchild-2
26 END-FOR
27 FOReverygenerightofxDO
28 copycurrenttimeslotfromparent-1intocorrespon dinggeneofchild-2
29 copycurrenttimeslotfromparent-2intocorrespon dinggeneofchild-1
30 END-FOR
31 END-FOR
32 FOR populationexceptelite DO n times
33 singlemutation:
34 randomlyselectachromosomefromthepopulationan dmutatechromosome:
35 FORthischromosomeDOmtimes(m<numberofgenes )
36 selectageneatrandom
37 mutategene
38 END-FOR
39 END-FOR
40 FOR populationexceptelite DOn times
41 timeslotexchange:
42 randomlyselectachromosomefromthepopulationan dmutatechromosome:
43 FORthischromosomeDOmtimes(m<numberofgenes )
44 selectgeneatrandom
45 selectsecondgenewithsecondgene'sdomaincontai ningfirstgene'scurrenttimeslot
46 exchangegenes'currenttimeslots
47 END-FOR
48 END-FOR
49 FOReverychromosome DO
50 calculatefitness
51 END-FOR
52 Sortpopulationonfitnessvalues
53 END-WHILE

Figure4.7Evolutionaryschedulingalgorithminpse udocode

4.3 Initialpopulation
Thepopulationisinitialisedbyrandomlyselecting avalueforeachcurrenttimeslotfromthe
gene’sdomain.(Figure4.7,line1–3).Byselecti ngtimeslotsatrandomauniform
representationofthesearchspaceisensured.
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Block
Onallocatingtheinitialtimeslotsoftheblock, thefirstgenewillalwaysbeallocatedtoa
morningshiftandthesecondgenewillbeallocated totheafternoonshiftonthesameday.

Timedomain
Intheactivitiesprecedingthescheduling,onlyti meslotsinwhichbothemployeeand
positionareavailablewillbecommittedtothetim edomain.Theavailabilityconstraintis
enforcedbyonlyselectingtimeslotsfromthetime domain.

Sametime
Tofulfiltherequirementforschedulingbothassig nmentsatthesametime,identicaltime
slotswillbeallocatedtobothgenes.

4.4 Selection
Ineachgenerationofthealgorithm,theleastfit 50%ofthepopulationwillbereplacedby
offspring(Figure4.7,line9).Toselecttheparen tstoproduceoffspringforthenext
generation,4-tournamentselectionisused(Figure 4.7,line14-18).With4-tournament
selection,agroupof4individualsisselected(wi threplacement)atrandomfromthefittest50
%ofthepopulationandthetwobestsolutioninth egrouparechosenasparentstoreproduce
offspring(reproductionwillbedescribedin4.6.1) .Tournamentselectionwaschosenas
selectiontechniquebecauseitisarobusttechniqu eandtheselectionpressurecanbeeasily
adjustedtoadapttodifferentdomainsbyincreasin ganddecreasingthetournamentsize[39].
Atournamentsizeof4waschosenbasedonresults ofpreliminaryexperiments.Newly
generatedindividualsreplaceexistingindividuals intheleastfit50%population(Figure4.7,
line10).Thus,eachgenerationhalfofthepopulat ionwillbereplaced,thesizeofthe
populationremainsthesameoverthecourseofthe generations.

4.5 Elitism
Byelitiststrategy[19](asmallnumberof)thebe stmembersofapopulationaredirectly
copiedintothenextpopulation,withoutbeingalte redbymutation(Figure4.7,line12).With
alargevaluefortheelitetheinfluenceismorea ndthediversityofthepopulationwill
decrease.However,fortoosmallavalueoftheeli tetheadvantageofthebestindividualswill
notbeexploited.Oftenavalueisusedbetween1i ndividualand10%ofthepopulation[19].
ForBeeldenaanZeeavalueoffiveindividuals(1 %)wasused.

4.6 Evolutionaryoperators
Evolutionaryoperators(EVOPs)operateonthepopul ationattemptingtogeneratesolutions
withbetterfitness.Thefollowingthreeevolutiona ryoperatorswereemployedinthe
experiments.

4.6.1 One-pointcrossover
One-pointcrossoverusestwoparentstoproducetwo children.Twochildchromosomesare
createdbycopyingthetimedomainintoeachgene( thetimedomainsarestatic,eachgene’s
domainisidenticaltoitscorrespondinggeneinal lotherchromosomes).Toperform
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crossover(Figure4.7,line20–30),thecurrentt imeslotofeachgenefromoneoftwo
parentsiscopiedintothechild.Eachparentisre combinedwithapieceoftheotherparentto
formanewsolution,thechild.Thecrossoverpoint ischosenatrandom.


Figure4.8Crossover


Ontheleftsideofthecrossoverpointthecurrent timeslotofeachofthegenesofParent1
willbecopiedintothecorrespondinggenesofChil d1,thecurrenttimeslotofeachofthe
genesofParent2willbecopiedintothegenesof Child2.Ontherightsideofthecrossover
pointtheoppositetakesplace:thecurrenttimesl otsofParent1arecopiedintoChild2,the
currenttimeslotsofParent2intoChild1.Onlyt hecurrenttimeslotsareexchanged.Because
thenewsolutionscannotbepredicted,thefitness ofthenewindividualsdoesnotnecessarily
improve.However,thelargenumbersinwhichthiso ccursincreasesthechancethatsomeof
thegeneratedsolutionsarefitterthantheirparen ts.

Thesequenceofgenesisnotchangedbytheschedul ingalgorithm,onlythetimeslotsare
modified.Thispreventsduplicateandlostgenes.I fthesequenceofgeneswerechangedat
crossover,thechildrenwouldhaveduplicategenes andlackcertainothergenes;thiswould
requirearepair-mechanism.Byonlychangingtheti meslots,theproblemofrepairing
chromosomesisavoided.Suchrepairoperatorslead tosolutionsthatarelessgeneric,
consequentlytheycannotbetranslatedeasilytoot herstaffschedulingdomains.

Block
Itisnotallowedtochooseacrossoverpointbetwe engenesinablock.Ifacrossoverpointis
selectedbetweenthegenesintheblock,thepoint willbediscardedandanewrandom
crossoverpointwillbeselected.

Timedomain
Timedomaindataisstatic,thuscrossoverhasnoi mpactontimedomains.

Sametime
Tofulfiltherequirementforschedulingbothassig nmentsatthesametime,bothgeneswillbe
settoidenticaltimeslotsaftercrossover.
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4.6.2 Singlemutation
Mutation(Figure4.7,line34–38)isappliedtoch romosomesselectedatrandomfromthe
completepopulation(exceptfortheelite).Childc hromosomesarecopiesofparents,inwhich
foranumberofrandomlyselectedgenesthecurrent timeslotwillbemodifiedbychanging
thetimeslottoanother(random)timeslotfromth egene’sdomain,seeFigure4.9.This
mutationoperatorensuresthatallpartsofthesea rchspacearereachable.



Figure4.9Singlemutation

Block
Theblockofconsecutivetimeslotshastoberetai nedonmutation.Ifoneofthetimeslotsis
mutated,thetwintimeslotwillbemutatedaswell tothesameday,thefirsttimeslottothe
morningshiftandthesecondtimeslottotheafter noonshift.

Timedomain
Singlemutationchangesthegene’stimeslottoano thertimeslotofthetimedomain.Thus,
thesinglemutationoperatorenforcesfeasibilityo ftheavailabilityconstraints.

Sametime
Tofulfiltherequirementforschedulingbothassig nmentsatthesametime,their
correspondinggeneswillbesettoidenticaltimes lotaftermutation.

4.6.3 Timeslotexchange
Twogenesareselectedandmodifiedbyexchangingt heircurrenttimeslots,providedthatfor
bothgenesthenewtimeslotoccursintheirdomain (Figure4.7,line42–47).Thisoperatoris
appliedasfollows:
1.  Ageneisselectedatrandom:gene i.Itscurrenttimeslotis x.
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2.  Fromgene i’sdomain,atimeslot yisselectedatrandomunequaltotimeslot x.
3.  Repeatmaximum5times:
3.1. Fromallgenesinthechromosomewhichcurrenttime slotequalstimeslot y,agene
isselectedatrandom:gene j.
3.2. Ifgene j’sdomaindoesnotcontaintimeslot x,thengene jwillbediscardedand
anothergene jischosen,untilageneisfoundwhichcontainsti meslot x.
3.3. Ifnosuitablegene jcanbefoundwithin5times,gene iand jwillbediscarded,goto
step1.
4.  Ifgene j’sdomaincontainstimeslot xthen
4.1. Setgene i totimeslot y
4.2. Setgene jtotimeslot x.

TimeslotexchangeisschematicallydepictedinFig ure4.10.

Thisoperatoreffectsmutationwithoutchangingthe numberofemployeespertimeslot.
Allocatedtimeslotsareexchangedbetweentwoempl oyees.Thus,theoperatordoesnotcause
newviolationsofconstraint10,whichcanbeusefu lparticularlyinthelaterstagesofarun.
Thismutationoperatormakesuseofschedulingspec ificknowledge;itisexpectedthatby
usingdomainspecificoperatorsgood,ifnotbetter ,resultsmaybeachieved[7][10].



Figure4.10Timeslotexchange


Block
Ifgene i belongstoablock,thenitstimeslotcanonlybe exchangedwithanotherblock,then
gene jinstep3.1mustalsobelongtoablock.Ifgene idoesnotbelongtoablockandgene j
belongstoablock,thengene jwillbediscardedandanewgenewillbeselected.

Ifbothgene iand jbelongto(different)blocks,onlytheday(ofthe currenttimeslot)willbe
exchangedbetweenthetwoblocks,theperiodsremai nthesame.
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Timedomain
Timeslotexchangewillonlybeappliedifforboth genesthenewtimeslotexistsintheir
domains.

Sametime
Tofulfiltherequirementforschedulingbothassig nmentsatthesametime,their
correspondinggeneswillbesettothesametimesl otaftertimeslotexchange.

4.7 Chaptersummary
Therepresentationofascheduleconsistsofaset ofassignments.Eachassignmentcontains
anemployeeandaposition.Thetaskofcomposinga ssignments,byallocatingemployeesto
positions,isdoneprecedingtheactualscheduling andwillnotbemodifiedbythealgorithm.
Thechromosome’sdesignconsistsofasetofgenes; eachgenecorrespondstoanassignment.
Agenecontainsacurrenttimeslotandatimedoma in.Theschedulingalgorithmallocatesa
timeslottoeachgene(correspondingtoanassignm ent)inordertofindafeasibleschedule.In
additiontoafitnessfunction(whichisconsidered indirectconstrainthandling),direct
constrainthandlingisappliedtosomeofthehard andsoftconstraints.Directconstraint
handlingmeansthatconstraintsareenforced,e.g. thetimeconstraintsareembeddedinthe
chromosomebyconfiningthesearchspaceofthechr omosome.Thisapproachguaranteesthat
chromosomesarefeasible.Oncrossoverthegenesof eachchromosomearematedwiththeir
correspondinggenesinotherchromosomes.Thisprev entsduplicateandlostgenes.Two
mutationoperatorsareused.Singlemutationrandom lychangesthegene’scurrenttimeslotto
anotherpossibletimeslot.Thismutationoperatore nsuresthatallpartsofthesearchspaceare
reachable.Thetimeslotexchangemutationoperator makesuseofschedulingspecific
knowledge.Thisoperatordirectsmutationinaway thatmaybeuseful,withoutchangingthe
numberofemployeespertimeslot.
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5 Experimentalsetupandresults
Thischapterdescribestheexperimentalsetupandr esultsoftheseveraltestsondataof
BeeldenaanZeewhicharecarriedouttodetermine thequalityofthesolutionmethod
proposedinChapter4.Section5.1describestheex perimentalsetupthatisusedforthetests.
Resultsofthetestsarepresentedin5.2.Theresu ltsarecomparedtotheresultsofthe
currentlyusedgreedyalgorithminSection5.3.Sec tion5.4presentstheresultsofthetests
withadditionalconstraints.Section5.5discusses theresults.
5.1 Experimentalsetup
Allexperimentsarerunonaprototypewhichwasbu iltinJava.Theinputfile(anXML-file)
containstheassignmentsandemployeedata.Theout putfilecontainstheschedule.Theflow
diagramisdepictedinFigure5.1.Theassignments usedinthetestsarestatedinAppendixA,
Table8.3(Ample)andAppendixD,Table8.9(Scarce ly).


Figure5.1Flowdiagramprototype

Table5.1presentsanoverviewoftheparametersof theEA.The populationSize parameter
definesthenumberofchromosomes.The maximumGenerationsparameterrepresentsthe
predefinednumberofgenerationsthealgorithmcan reachatamaximum,asastop-criterionif
noperfectsolutionisfound.The crossoverRateparameterrepresentswhichfractionofeach
newgenerationisfilledwithoffspringresultingf romcrossoveroperations.Theoffspring
replacestheworstindividualsinthepopulation.T herestofthenewgenerationisfilled
directlywithsolutionsfromthecurrentgeneration .Thefractionofthepopulationtobe
mutatedisdefinedusingthe mutationRatePopulation parameter.Thefractionofthe
chromosome’sgenestobemutatedisdefinedusingt he mutationRateChromosome parameter.
Thefractionofthepopulationforwhichtimeslot exchangeisappliedisdefinedusingthe
timeslotExchangePopulation parameter.Thefractionofthechromosome’sgenes forwhich
timeslotexchangeisappliedisdefinedusingthe timeslotExchangeChromosome parameter.
The maximumNicheparameterrepresentsthenumberofsolutionswith similarfitnessthatis
allowedineachgeneration.The n-tournamentSelectionparameteristhegroupsizefrom
whichthesolutionswiththebestfitnessareselec tedasparentforcrossoveroperations.The
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elitistStrategy parameterrepresentsthenumberofsolutionsofeac hgeneration,selectedbased
ontheirfitness,tobeautomaticallyandunmodifie dplacedinthenextgeneration.

Theparametervaluesarebasedonsolutionsforsim ilarproblems[3][4][46]andtunedby
preliminaryexperiments.InEAresearchfindinggoo dvaluesfortheparametersiscommonly
practicedbymanualtuning[23][33].

Parameter Value
populationSize 500
maximumGenerations 1500
crossoverRate 50%
mutationRatePopulation 12%
mutationRateChromosome 3%
timeslotExchangePopulation 25%
timeslotExchangeChromosome 3%
maximumNiche 5
n-tournamentSelection  4
elitistStrategy 5
Table5.1Parametersusedinthemuseumtests

Forbothmutationoperatorsaprobabilityof0.03w asused,whichmeansthatineachmutated
chromosome3%ofthegenesismutated.12%ofall chromosomesaremutatedbythe
mutationoperatorand25%ofthechromosomesbyti meslotexchange.Theremaining
chromosomesarenotmutated.

Theweightsofthefitnessfunctionsrepresentthe relativeworthofeachconstraint.The
relativeworthofeachconstraintisestimatedand adjustedbyexperimenting.Table5.2
presentsanoverviewofeachconstraint’sweightus edinthetests.
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# Constraint Fitnessfunction weight
Ample
weight
Scarcely
weight
Ample
add.
constr.
weight
Scarcely
add.
constr.
1 Maximumoneassignmentperemployeeper
dailyperiod
(combinationsofprimusandguideorbirdand
guideareallowed).
Minimisenumberofemployee
clashes
1 1 1 5
7 Requirednumberofpositionsperdayforprimus
mustbefilled.
Minimisedayswithfewerthan
preferredprimus
1 3 1 1
8 Requirednumberofpositionsperdayforbird
mustbefilled.
Minimisedayswithfewerthan
preferredbirds
1 1 1 1
9 Requirednumberofpositionsperdayforguide
mustbefilled.
Minimisedayswithfewerthan
preferredguides
1 3 3 5
10 Requirednumberofemployeesperdaymustbe
filled.
Minimisedayswithfewerthan
requiredemployees
3 3 3 3
11 Employeemustbeassignedforhalfdaysif
preferred(exceptforprimus,whichisalways
assignedforafullday).
Minimisefull-dayassignmentsif
indicatedforhalf-day
1 1 1 1
14 Theindividualassignmentsofanemployeehave
tobeequallydistributedoverthescheduling
weeks.
Minimiseunequallydistributed
assignments
5 5 5 5
15 Notworkingtwoconsecutivedays. Minimiseconsecut ivedays(if
indicatedfortheemployee)
n/a n/a 1 1
16 Assignmentsonsameday/timeasfavourite
colleague
Minimiseassignmentsforcouple
ondifferenttimeslots
n/a n/a 3 3
17 Extraguideonoccasionaldays Minimisedayswithf ewerthan
preferredguides
n/a n/a 2 5
n/a Nichecount Restrictnumberofsimilar
chromosomes
1 1 1 1

Table5.2weightingcoefficientsoftheconstraints usedinthemuseum’stests.

5.2 Results
ThesolutionmethodwastestedontwodatasetsofB eeldenaanZee,onedatasetwith10%
moreresourcesthanrequired(testsetAmple)anda notherdatasetwithmerely1.6%more
resourcesthanrequired(testsetScarcely).Thete stsetsaredescribedin3.6.1.

5.2.1 TestAmple
TestAmplehasbeencarriedout100timesondatase tAmple.Aperfectschedule(no
constraintpenalties)wasfoundafter(onaverage) 440generations.98outof100runsreached
aperfectschedule.
Averagefitness:0.09
Standarddeviation:0.67
Note:fitnessvaluescanrangefrom0to(about)80 0.

NBTherequirednumberofguidesforeachtimeslot is2,soforthecompleteschedule(48
timeslots)96guidetimeslotsarerequired.Since thereareonly80guidetimeslotsprovided,
constraint9isconsideredfulfilledifallguides arescheduledandalltimeslotshaveatleast
oneguide.

Onepossibilityforacompletescheduleisincluded inAppendixB.
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5.2.2 TestScarcely
ThesecondtesthasbeencarriedoutondatasetSca rcely.Aperfectschedule(noconstraint
penalties)wasfoundafter(onaverage)984generat ions.4outof88runsreachedaperfect
schedule.
Averagefitness:11.4
Standarddeviation:6.0

Onepossibilityforacompletescheduleisincluded inAppendixE.

Thetestsshowthatachievingaperfectschedulefo rtestsetScarcelyismoredifficultthanfor
testsetAmple.Apossibleexplanationisthatther earefewerperfectsolutionsinthesearch
spaceofScarcely,duetotheshortageofemployees .

Theaverageconstraintviolationsaresummarisedin Table5.3.Theaveragenumberof(not
weighted)violationsperrunisstated.
# Constraint Averageviolations
1 Maximumoneassignmentperemployeep erdailyperiod  0
7 Requirednumberofpositionsperdayforprimusm ustbe
filled.
1.3
8 Requirednumberofpositionsperdayforbirdmus tbe
filled.
1.0
9 Requirednumberofpositionsperdayforguidemu stbe
filled.
1.0
10 Requirednumberofemployeesperdaymustbefil led. 1.3
11 Employeemustbeassignedforhalfdaysifprefe rred. 0
14 Theindividualassignmentsofanemployeehavet obe
equallydistributedovertheschedulingweeks.
0
Table5.3AverageconstraintviolationsoftestSca rcely

5.3 ComparisonEAversusgreedyalgorithm
TheresultsoftestScarcelyandAmplearesummaris edandcomparedtotheresultsofthe
greedyalgorithm.Anoverviewofthiscomparisonis presentedinTable5.4,anddepictedin
Figure5.2andFigure5.3.
 TestAmple TestScarcely
Criterion EA GreAlg EA GreAlg
Testset 
Requiredworkingtimeslots  432 432
Providedworkingtimeslots  477 439
Results 
Allocatedtimeslots 432 431 432 409
Shortageoftimeslotsguides 0 6 0 2
Shortageoftimeslotsprimus 0 0 0 2
Shortageoftimeslotsbirds 0 0 0 0
Shortageoftimeslots(allpositions)  0 1 0 23
Lowestnumberofemployeesper
dailyperiod
9 8 9 7
Conflictingemployeepreferences  0 0 0 0
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Yieldforguides%  100 93 100 97
Yieldforprimus%  100 100 100 96
Yieldforbird%  100 100 100 100
Yieldforallpositions% 100 99.8 100 95
Table5.4TestresultsofEAcomparedtocurrentso lutionmethodGreAlg.



Figure5.2ResultsEAandGreAlgfortestAmple



Figure5.3ResultsEAandGreAlgfortestScarcely

TheresultsshowthattheproposedEAoutperformst hecurrentlyusedgreedyalgorithm
substantially.Thetotalnumberofallocatedemploy eesisimprovedbytheEA.Furthermore,
allprovidedworkingtimeslotswithguideandprim usareallocated,unliketheschedules
generatedbythegreedyalgorithm.Thetestsalsos howthat,withtheprovideddata,schedules
withcompleteallocationofavailablestaffarepos siblewithoutviolationofconstraints.
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5.4 Testwithadditionalconstraints
ThetestsAmpleandScarcelyhavebeenextendedwit hthreeadditionalconstraintswhich
mayberequiredinthenearfuture.Thegreedyalgo rithmcurrentlyusedatBeeldenaanZee
doesnotallowforadditionalconstraints,forthat reasontherearenoresultdataofBeelden
aanZeetocompare.

Additionalsoftconstraints:
1.  Dayoffbetweentwoworkingdays.Thisconstrainth asbeenappliedtotheschedulingof
threeemployees:employees30,118and178 1.
2.  Schedulingofcouples:fivepairsofeachtwoemplo yees,thecouplesprefertobe
scheduledonthesamedayandtimeslot.Bothemplo yeesofthecoupleareavailableon
thesametimeslots.Eachemployeehasfourassignm ents,thusacoupleschedulingcan
resultinamaximumoffourviolations,withfivep airstheschedulingcanresultina
maximumof20violations.
Thecouplesthatarescheduledinteamsare:
- Employee60+Employee130
- Employee166+Employee22
- Employee31+Employee71
- Employee33+Employee39
- Employee114+Employee83
3.  AdditionalguideonSaturdays.ForeachSaturdaypr eciselythreeguideshavetobe
scheduled,whileonremainingdaysone(minimum)or two(maximum)guidesmustbe
scheduled(therequestedtwoguidesperdayisnot possibleforalldaysbecausethetest
setdoesnotprovideenoughguides).
Thisconstraintmaybebeneficialforthemuseumto supportcertaineventsorpeak
holidays.Becauseoftheshortageofguidesinthe dataset,byschedulingthreeguideson
Saturdaystherewillbefewerguidesfortheremain ingdays.

TestsetAmple:
Aperfectschedule(noconstraintpenalties,includ ingtheadditionalconstraints)wasfound
after671generationsonaverage.Thetestwasrun 100times,62runsfoundaperfect
schedule.
Averagefitness:0.7
Standarddeviation:0.9

TheaverageconstraintviolationsarestatedinTab le5.5.Onepossibilityforacomplete
scheduleisincludedinAppendixG.

TestsetScarcely:
Theschedulingalgorithmhasonlyfoundaperfects olutionforthefirstadditionalconstraint
(dayoffbetweentwoworkingdays).Forthetworem ainingadditionalconstraints(scheduling
ofcouplesandadditionalguides)thealgorithmdid notfindaperfectsolution.Thetestwas
run100times.
Averagefitness:45
                                            
1
Thisconstraintwasappliedforthethreementione demployeesbecausetheyhavechosentoworkmoret han
onceperweekandareavailableonconsecutivedays .Sinceconstraint14requiresthatassignmentswil lbe
equallydistributedamongtheschedulingperiodand allotheremployeesinthedatasetshavechosent owork
onlyonceperweek(halfdayorfullday),oraren otavailableonconsecutivedays,anadditionalcon straintfora
dayoffbetweentwoworkingdaysisnotapplicable forotheremployees.
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Standarddeviation:6.1

TheaverageconstraintviolationsarestatedinTab le5.5.Theaveragenumberof(not
weighted)violationsperrunisstated.

  Averageviolations
# Constraint Ample Scarcely
1 Maximumoneassignmentperemployeeperdailyper iod 0 0.1
7 Requirednumberofpositionsperdayforprimusmus tbe
filled.
0.1 2.9
8 Requirednumberofpositionsperdayforbirdmust be
filled.
0.2 0.6
9 Requirednumberofpositions  perdayforguidemustbe
filled.
0 1.9
10 Requirednumberofemployeesperdaymustbefilled . 0 0.9
11 Employeemustbeassignedforhalfdaysifprefe rred. 0 0
14 Theindividualassignmentsofanemployeehavet obe
equallydistributedovertheschedulingweeks.
0 0.1
15 Notworkingtwoconsecutivedays,ifindicatedf orthis
employee.
0 0
16 Assignmentsonsameday/timeasfavouritecollea gue. 0 2.9
17 Extraguideonoccasionaldays 0.2 3.9
Table5.5Averageconstraintviolationsfortestad ditionalconstraints

5.5 Discussion
Test‘additionalconstraints’demonstratesthatadd ingnewconstraintsrequiresonlythe
implementationofanewfitnessfunction,thisdoes notaffectotheraspectsofthealgorithm.
Threenewconstraintswereaddedforthisresearch. ExtendingtheEAwithmoreconstraints
ismainlylimitedbythecapacityoftheemployeed ata.

Figure5.4showstheaveragenumberofgenerations tofindaschedulewithfitness0(average
numberofgenerationsofallrunsthatreachedasc hedulewithfitness0)forthetests.Figure
5.5showsthepercentagerunsthatreachedaschedu lewithfitness0.
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Figure5.4Averagenumberofgenerationsrequiredt oreachaschedulewithfitness0.



Figure5.5Averagenumberofrunsthatreachedasc hedulewithfitness0.

Thechartsshowthatasmallernumberofemployees (testScarcely)decreasestheproportion
ofrunsthatreachesaschedulewithfitness0and causesanincreaseoftherequired
generations.Theadditionalconstraintsalsodecrea sethenumberofrunsthatreachaperfect
scheduleandincreasethenumberofrequiredgenera tions.ItispossibleforBeeldenaanZee
toaddtheseadditionalconstraints(fortestsets similartoAmple).Fordatasetswithfewer
providedworkingtimeslotstheremightnotbeenou ghlatitudetofindaperfectsolution.The
additionalconstraintsmaybeextendedtomoreempl oyees(e.g.schedulingofcouples)or
additionaldays(additionalguide,additionalbird, etc.).However,thedatasetmustprovide
forsufficientemployeeavailabilitytofindasolu tion.

Executiontime
Theexecutiontimeoftheevolutionaryschedulinga lgorithmisabout25minutesona
personalcomputer(dualcoreCPUwithclockrate2. 26GHz).However,thealgorithmis
currentlyimplementedasasequentialprocess,exec utiontimemaybereducedby
implementingconcurrencyintheevolutionaryalgori thm[1].
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Searchspace
Toestimatethedimensionsofthesearchspace,the sumofallcandidateschedules(both
feasibleandinfeasible)hastobeestimated.Thes izeofthesearchspaceistheaverage
domainsize(numberoftimeslotsinthetimedomai n)tothepowerofthenumberof
assignments.

Thesearchspaceisroughlyestimatedfortestset Ample:
- Theaverageemployeeavailabilityis15.1timeslot s(see3.6.1).
- Eachemployeehas(onaverage)3.98assignments.
- Formulti-positionemployees(see4.2.1,21%)the averagedomainsizeis15.1timeslots.
- Forsingle-positionemployees(see4.2.1,79%)the averagedomainsizeis15.1/3.98=
3.8.
- Thedomainsizeofgenescorrespondingtobirdassi gnments(about5%ofall
assignments)isfurtherrestricted,becausebirdsa reonlyrequiredonmornings,on
weekdays.

Theaveragedomainsizeiscomputedto(approximate ly)6.

TestsetAmplecontains477assignments(‘sametime ’assignmentscountedasone).The
chromosomecontains94blocks,toestimatethesear chspaceeachblockwillbecountedas
oneassignment.Thesearchspacecontains 298383 1008.16 ⋅≈ candidateschedules.The
evolutionaryschedulingalgorithmgeneratesamaxim umof750,000schedulesperrun(1,500
generations,population500).Thesizeofthesearc hspaceshowsthatcarryingoutan
exhaustivesearchisnotpossiblewithinreasonable time.

Maximumnumberofgenerations 
EAscannotdetermineifaproblemissolvableuntil asolutionisfound.Topreventthe
algorithmtryingtosolveanunsolvableproblemind efinitely,astopcriterionofamaximum
numberofgenerationsisapplied.Therunsthatrea chedaperfectscheduleallrequiredfarless
thanthemaximumnumberofgenerations.Iftheevol utionaryalgorithmhasnotfounda
perfectsolutionwithin1,500generations(whichma yeasilyoccurincaseofshortageof
providedtimeslots),itisnotlikelythatitwill everfindaperfectsolutionwithinthesame
run.Theinitialpopulationcoversawideareaoff itnessvalues.Inthecourseofthe
generations,individualswithgoodfitnesswilldom inatethepopulation.Crossoverwillno
longerproduceindividualswithbetterfitness.Onl ymutationwillproducenewchromosomes.
Asaresult,onlyaslow,randomsearchtakesplace .Thus,itisnotexpectedthatanincreaseof
generationswillincreasethenumberofrunsthatf indaperfectsolution.

FurtherimprovementsofschedulingresultsofBeeld enaanZee
FurtherimprovementsoftheschedulingresultsofB eeldenaanZeearefeasiblebysolvingthe
followingissueinthecurrentschedulingprocess.

IntestsetScarcelythenumberofemployeesisnot sufficienttofillallrequiredpositions.The
causeofthisisthatanadditionalnumberofemplo yeesisavailableforthemuseum,butnot
usedforautomatedscheduling.Theseemployeesare addedmanually,aftertheautomated
schedulingprocess.IntestsetScarcelytheseempl oyeesarewithdrawnfromtheset,intestset
Ampletheseemployeesareaddedtothetestset.Th eresultsofthetestsdemonstratethe
impactofthemissingemployeesontheschedulingr esults.Bywithdrawingemployeesfrom
thedataset(i.e.testsetScarcely),itismoredi fficulttofindanoptimalschedule,andthedata
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doesnotallowtofillinallrequiredpositions.I nacompletetestset(i.e.testsetAmple)there
issufficientflexibilityinthedatatofindanop timalschedule,andeventoallowforadditional
constraints.Thisimprovementcanalsobeappliedt othecurrentgreedyalgorithm.

Future work
Toincreasethenumberofrunsthatgenerateaperf ectschedulefordatasetswithascarce
numberofemployees,aseedingstrategycanbeappl ied(thiswillbefurtherexplainedin
Section6.3).

Fordatawhichislargelydifferentfromthetestd ata,itmayberequiredtoreadjustthe
weights.Thiscanbesolvedbyaself-adaptiveevol utionaryalgorithm[14][32].
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6 Benchmarkschedulingproblem
ThesolutionmethodproposedinChapter4hasbeen assessedonabenchmarkdatasetfora
nurseschedulingproblem(NSP).Thischapterdescri bestheexperimentalsetupandresultsof
thetestsonanNSPdataset.Section6.1describes thenurseschedulingproblem.The
benchmarkdatasetusedinthisresearchisdescribe dinSection6.2.Theexperimentalsetupis
addressedinSection6.3.Resultsofthetestsare presentedinSection6.4.Section6.5
discussestheresults.
6.1 Nursescheduling
Nurseschedulingconcernsdeterminingaworkschedu lefornursesinahealthcare
organisation.TheNSPhandlesadatasetthatconsis tsofasetofconstraintsandtime.The
goaloftheNSPistofindaschedulethatbothful filstheconstraintsofthenursesandfulfils
theobjectivesofthehealthcareorganisation.The nurseschedulingproblemisoftenusedasa
benchmark  forcomparisonsofalgorithmsbecauseitiscomplex andconstrainedandtakes
intoconsiderationseveral,usuallyconflictingemp loyeequalificationsandalargenumberof
legal,managementandstaffrequirements[9][11][36 ].

TheNSPisaschedulingproblemthatishardtosol ve.Thegoalistofindhighquality
schedulesthatsatisfytherequirementsofthehosp italandasmanyemployeepreferencesas
possible.Innurseschedulingtheproblemsareofte nover-constrained.Itisthereforequite
commontoexpressthequalityofsolutionsinterms ofsoftconstraintviolations[6].

Anursescheduleusuallyconsistsofseveralshifts whichmayhavedifferenttypes(i.e.night
shifts,dayshifts).Anursecanbeassignedtoat mostoneshiftperday.Betweenconsecutive
shiftsanursehasoneormoreday-offperiods,i.e .dayswithoutshifts.Thesequenceandthe
patternsoftheshiftsandtheday-offperiodsare establishedintheconstraints.

Therepresentationofthenurseschedulingproblem consistsofasetofassignments,each
assignmentcontainingonenurse.Thechromosomerep resentationconsistsofgenes,each
genecorrespondstoanassignmentandcontainsacu rrenttimeslotandatimedomain.The
timedomaincontainsalltimeslotsofthescheduli ngperiod.

6.2 Thebenchmarkdataset
Thebenchmarknurseschedulingdatasetusedinthis researchis‘GPost’andisavailableat
[5].InthisresearchGPostwasusedbecauseitrep resentsavarietyofrealworldconstraints
andisbaseduponrealworlddata[6].Furthermore thesizeofthedatasetislimitedtoeight
nursesandfourweeks,whichmakesthedataseteasy tousefortestingpurposes.Thedataset
wascollectedfromrealhospitals.

Characteristicsofthedataset
- Numberofnurses:8(4fulltime:NurseA,B,C,D and4parttime:NurseE,F,G,H)
- Numberofshifttypes:2(dayandnight)
- Schedulingperiod:28days
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Constraints
TheconstraintsofdatasetGPostcanbedividedin coverconstraints,whichrepresentthe
requirednumberofnursespershift,andnursecons traints,whichconcernrequirementsand
preferencesoftheindividualschedules.Thesoftc onstraintscanbedividedinsevere(weight
1000),medium(weight100)andminor(weight1-10).

Anoverviewoftheconstraints,constrainttype(ha rdorsoft)andweightsispresentedin
Table6.1(coverconstraints)andTable6.2(nurse constraints).

Con-
straint
Description Details Type Weight
1 Mustnotbeovershiftcoveragelevels day:3
night:1
Hard n/a
2 Mustnotbeundershiftcoveragelevels day:3
night:1
Hard n/a
Table6.1CoverconstraintsofdatasetGPost

Con-
straint
Description Details Type  Weight
3 Anursecannotbeattwodifferentplacesat
thesametime
 Hard n/a
4 Maximumnumberofshiftsperdaypernurse 1 Har d n/a
5 Maximumnumberofconsecutiveworking
weekends
2 Hard n/a
6 Maximumnumberofshift assignments Fulltime:18
Parttime:10
Soft 1000
7 Maximumnumberofacertainshifttype
worked:maximumfournights
Max4night
shiftsforthe
planning
period
Soft 1000
8 Minimumnumberofconsecutivenon-
workingdays
2 Soft 10
9 Maximumnumberofconsecutiveworking
days
Fulltime:6
Parttime:3
Soft Fulltime:
1000

Parttime:
4days:1
5days:4
6days:9
>6days:
1000
10 Minimumnumberofconsecutiveworking
days
Fulltime:4
Parttime:2
Soft Fulltime :
1day:100
2days:4
3days:1

Parttime:
1day:100
11 Minimumnumberofconsecutivenightshifts 2 Sof t 1000
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12 Maximumnumberofconsecutivenightshifts 3

Soft 1000
13 Nonightshiftbeforefreeweekends Nonightshi ft
onFriday
beforefree
weekend
Soft 1000
14 Completeweekends(i.e.shiftsonboth
SaturdayandSundayornoshiftsinweekend)
 Soft 100
15 Minimumnumberofshiftsperweek Fulltime:4
Parttime:2
Soft 1
16 Maximumnumberofashiftsperweek Fulltime: 5
Parttime:3
Soft 1
17 Shifttypesuccessions:(consecutive)night
shiftsmustbefollowedbyatleasttwofree
days
 Soft 1000
Table6.2NurseconstraintsofdatasetGPost

Resultsofotheralgorithms
ThebestknownresultsonGPostarestatedinTable 6.3.Thebestknownschedulehasa
penaltyof5whichisprovenoptimal[5].Bothalgo rithmswhichfoundtheoptimalsolution
arelinearprogrammingmethods.

Lowerbounds Date Foundby
5  August2008  CPLEX(simplexalgorithm,alinear
programmingmethod)
5 April2009  Linearprogrammingformulationsolvedusing
columngeneration
Table6.3Bestknownresultsforthebenchmarkdata setGPost
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6.3 Experimentalsetup
TheprototypedescribedinChapter5wasusedtoru ntheNSPtest.Table6.4presentsan
overviewoftheparametersoftheEA.Theparameter saredescribedinSection5.1.

Parameter Value
populationSize 400
maximumGenerations 2000
crossoverRate 50%
mutationRatePopulation 20%
mutationRateChromosome 5%
timeslotExchangePopulation 25%
timeslotExchangeChromosome 5%
maximumNiche 5
n-tournamentSelection  4
elitistStrategy 5
Table6.4Parametersusedinthenurseschedulingp roblemtest

Theweightsofthefitnessfunctionsarederivedfr omtheconstraints’relativeworth,whichis
givenforthesoftconstraintsandstatedinTable 6.2.Thehardconstraints’weightsare
estimatedandadjustedbyexperimenting.Theweight softhehardconstraintsarestatedin
Table6.5.

Con-
straint
Description Type Weight
1 Mustnotbeovershiftcoveragelevels Hard 800
2 Mustnotbeundershiftcoveragelevels Hard 800
3 Anursecannotbeattwodifferentplacesat
thesametime
Hard 500
4 Maximumnumberofshiftsperdaypernurse Hard 100
5 Maximumnumberofconsecutiveworking
weekends
Hard 1500
Table6.5weightingcoefficientsofthehardconstr aintsusedintheNSPtest.

Duringexperimentingitwasfoundthattheconstrai ntsregardingminimumandmaximum
numberofconsecutivenightshiftsarenotcomplete lyfulfilled(Constraint11,12and13).
Theresultswereimprovedbynotstartingwithaco mpletelyrandompopulation,butinstead
introducinga seedingstrategy .Seedingreferstoinjectionofgeneticmaterial- partsof
solutions-intoapopulation[21][37].Thepopulati onisrandomlygeneratedbutbeforethe
reproductivecyclebeginsthepopulationisseeded withgeneticmaterialwhichconsistsof
patternsoftimeslots.Thegeneticmaterialthati sinjectedismanuallydesignedandisderived
asfollows:

- Theschedulerequires28nightshifts(constraints 1and2).
- Maximumfournightspernurse(constraint7).
- Eightnursesavailable.
Tomeettheseconstraintstheremustbefournurses withfourandfournurseswiththreenight
shifts.
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- Minimumtwoconsecutivenightshifts(constraint11 ).
- Maximumthreeconsecutivenightshifts(constraint 12).
Theoptimalsituationconsideringconstraints1,2, 7,11and12istohavefournurseseach
havingtwoblocksoftwonightsandfournurseseac hhavingoneblockofthreenights.To
fulfilconstraint13,theblocksofthreenightsmu stallstartonFriday.

Perchromosome:

Fournurses,eacharehavingthreeconsecutivenigh tshifts,startingonarandomlyselected
Friday.
day Mo Tu We Th Fr Sa Su
nurse N N N


Fournurses,eacharehavingtwoblocksoftwocons ecutivenightshifts(randomlyselected
nights)withatleasttwodaysoffbetweennightsh ifts.
day * * * * * * * * *
nurse N N X X N N


Allothertimeslotsareleftunchanged.

6.4 Results
Theobjectiveistofindfeasibleschedules(allha rdconstraintsmustbefulfilled)thatsatisfy
thesoftconstraintsasmuchaspossible(i.e.mini misingtheoverallpenaltyoftheschedules).

Resultswithoutseeding,on316runs:
Bestfitness:  1128
Averagefitness: 8409
Standarddeviation: 2841

Resultswithseeding,on35runs
Bestfitness:  28
Averagefitness: 2350
Standarddeviation: 2455

Note:fitnessvaluescanrangefrom0to(about)10 0,000.
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day
nurse Mo Tu We Th Fr Sa Su Mo Tu We Th Fr Sa Su Mo Tu We Th Fr Sa Su Mo Tu We Th Fr Sa Su D N
NurseA D D N N D D D D D D D D D N N D D D 14 4
NurseB D D D D D N N D D D N N D D D D D D 14 4
NurseC D D N N N D D D D D D D D D D D D D 15 3
NurseD D D D D D D D N N N D D D D D D D D 15 3
NurseE D D D D D N N N D D 7 3
NurseF D D D D D D D N N N 7 3
NurseG N N N N D D D D D D 6 4
NurseH D D D D D D N N N N 6 4
Sum 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 84
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 28

Table6.6Resultscheduleforthenursescheduling problem

ThebestschedulefoundbytheEAproposedinthis research(fitness28)ispresentedinTable
6.6.

Theresultingscheduleisfeasibleandhasminorvi olationsofthesoftconstraints.Allmajor
andmediumconstraintsarefulfilled.Theschedule hasaqualityof28,theconstraintsand
theirpenaltiesaredetailedinTable6.7(coverco nstraints)andTable6.8(nurseconstraints).


1 mustnotbeovershiftcoveragelevels n/a 0
2 mustnotbeundershiftcoveragelevels n/a 0

Table6.7CoverconstraintsofGPostandpenalties oftheresultingschedule

nurse A B C D E F G H
constraint penalties weight sum
3 maxoneassignmentpernurseatthesametime 0 0 0 0 0 0 0 0 hard 0
4 max1shiftperdaypernurse 0 0 0 0 0 0 0 0 hard 0
5 max2consecutiveworkingweekends 0 0 0 0 0 0 0 0 hard 0
6 maxnumberofshiftassignments 0 0 0 0 0 0 0 0 1000 0
7 max4nightshiftsfortheplanningperiod 0 0 0 0 0 0 0 0 1000 0
8 min2consecutivenon-workingdays 0 0 0 0 0 0 0 0 10 0
9 maxnumberofconsecutiveworkingdaysFT>6 0 0 0 0 - - - - 1 000 0
9 maxnumberofconsecutiveworkingdaysPT>3 - - - - 2 1 0 1 1 4
9 maxnumberofconsecutiveworkingdaysPT>4 - - - - 0 0 0 0 4 0
9 maxnumberofconsecutiveworkingdaysPT>5 - - - - 0 0 0 0 9 0
10 minnumberofconsecutiveworkingdaysFT<4 0 0 1 3 - - - - 1 4
10 minnumberofconsecutiveworkingdaysFT<3 1 1 1 0 - - - - 4 12
10 minnumberofconsecutiveworkingdaysFT<2 0 0 0 0 - - - - 1 00 0
10 minnumberofconsecutiveworkingdaysPT<2 - - - - 0 0 0 0 1 00 0
11 min2consecutivenightshifts 0 0 0 0 0 0 0 0 1000 0
12 max3consecutivenightshifts 0 0 0 0 0 0 0 0 1000 0
13 nonightshiftsbeforefreeweekends 0 0 0 0 0 0 0 0 1000 0
14 completeweekends 0 0 0 0 0 0 0 0 100 0
15 minnumberofshiftsperweek 0 0 1 1 1 1 0 0 1 4
16 maxnumberofshiftsperweek 0 0 0 0 2 1 1 0 1 4
17 (consecutive)nightshiftsmustbefollowedby2freeday s 0 0 0 0 0 0 0 0 1000 0
28

Table6.8NurseconstraintsofGpostandpenalties oftheresultingschedule.
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6.5 Discussion
Thecomplexityofthedatasetofthenursescheduli ngproblemistofindafeasibleschedule
withtheprecisenumberofnursesperday,whichfu lfilsmanysoftconstraintsaswell.Dueto
themanyconflictingconstraints,theproblemhaso nlyafew,orevenonlyone,optimal
solutionandmanylocaloptima.Thismightbether easonthattheuseofaseedingstrategyis
requiredtoachievegoodresultswiththedesigned EA.AcommoncharacteristicofEAsis
thattheyhaveatendencytoconvergetowardslocal optima–feasiblesolutionswhereno
smallmodificationwillproduceabetterresult–r atherthantheglobaloptimumofthe
problem[27][43].Themanyconflictingconstraints oftheNSPpreventtheEAtosteeraway
fromalocaloptimum.Whetherthisoccursdependso ntheshapeofthefitnesslandscape,
findingaglobaloptimumisdifficultinproblemsw ithmanylocaloptimaandonlyasingleor
afewglobaloptima[27][43].Toimprovefitnessof allconstraints,fitnessofindividual
constraintshastobesacrificed,whichisinhibite dbecauseofthecontradictoryconstraints.
Anexampleis‘Maximumnumberofconsecutivenight shifts’whichconflictswith
‘Minimumnumberofconsecutiveworkingdays’forfu lltimecontracts.Inthesituationof
threeconsecutivenightshifts,thealgorithmwill trytoextendthenumberofconsecutive
workingdays,becauseaminimumoffourisrequired .Atthesametimeanextensionwithone
ormorenightshiftsispenalisedbecauseonlythre econsecutivenightsareallowed.The
resultsinSection6.4showthattheapplicationof seedingwasabletoalleviatetheviolations
oftheconstraintsandgeneratedagoodqualitysch eduleinwhichallsevereandmediumsoft
constraintswerefulfilledandonlyminorsoftcons traintswerenotfulfilled.However,theEA
didnotfindtheoptimalsolution.Table6.3shows thatEAisoutperformedbylinear
programmingmethods.Thismaybeimprovedbyextend ingtheseedingstrategytothe
remainingconstraints.

Searchspace
Thesizeofthesearchspaceistheaveragedomain sizetothepowerofthenumberof
assignments.Thedatasethas4nurseswith18and 4nurseswith10assignments,soa
chromosomeconsistsof112genes.Thedomainsizei sthenumberofavailabletimeslotsper
gene,whichis56forallgenes.Thesearchspacei ncludes
195112 1027.656 ⋅≈
Theevolutionaryschedulingalgorithmgeneratesam aximumof800,000schedulesperrun
(400schedulespergeneration,2,000generations). Thesizeofthesearchspaceshowsthat
carryingoutanexhaustivesearchisnotpossiblew ithinreasonabletime.

Futurework
Thegeneticmaterialthatisinjectedconsistsofp atternsofsolutionstoimprovetheresultsfor
theconstraintsconcerningminimumandmaximumnumb erofconsecutivenightshifts.
Furtherresearchisrequiredtoinvestigatetheeff ectsofseedingofpatternsofsolutionstothe
remainingconstraintsoftheschedulingproblem.
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7 Conclusions
Thischapterprovidesanswerstotheresearchquest ionsandproblemthesisposedinSection
1.2.

Thefirstresearchquestionreads: ‘WhatisasuitabledesignforEAstosolveschedul ing
problems?’TheanswertothisquestionisderivedfromChapte r4,whichproposesan
assignment-basedEA.Thehardandsoftconstraints areenforcedorhandled.Thisapproach
meetsthefourgenericrequirementsforstaffsched ulingproblemsposedinChapter2.
Therefore,theassignment-basedapproachisasuita bledesignforsolvingscheduling
problems.

Theanswertothesecondresearchquestion, ‘TowhatextentcanEAssolvethescheduling
problematmuseumBeeldenaanZee?’ isderivedfromChapter5.Theschedulingproblem of
BeeldenaanZee,asdescribedinChapter3,issolv edbytheEAproposedinChapter4.The
resultsinChapter5showthattheproposedEAisa bletofindoptimalschedules.Comparedto
thegreedyalgorithmcurrentlyusedatBeeldenaan Zee,substantiallybettersolutionswere
achieved,bothonadatasetwithanamplenumberof resourcesandonadatasetwithascarce
numberofresources.TheEA-approachproducedsched ulesthatmeetallhardandsoft
constraintsofthemuseumschedulingproblem.Theu seofEAoffersclearadvantageswhenit
comestoflexibility.Addingnewconstraintsisstr aightforwardandrequiresonly
implementinganewfitnessfunction.Theflexibilit yoftheapproachisshownbyaddingthree
constraintswhichmaybebeneficialforthemuseum inthenearfuture.Theadditional
constraintsweresolvedbytheEA-approach.

Theanswertothethirdresearchquestion, ‘WhatisthequalityofasolutionderivedbyEAso n
thebenchmarknurseschedulingproblem?’ isderivedfromChapter6.
Theproposedapproachwasrunonabenchmarkdatase tofanurseschedulingproblemand
yieldedgoodresults,inwhichallhardconstraints weresolved.Theresultswereimprovedby
notstartingwithacompletelyrandompopulation,b utinsteadusingaseedingstrategy.
Geneticmaterialwhichconsistsofpatternsoftime slotsisinjectedintotheinitialpopulation.
Althoughthesolutionmethoddidnotfindtheoptim alschedule,afeasibleschedulewas
foundinwhichallsevereandmediumsoftconstrain tswerefulfilledandonlyminorsoft
constraintswerenotfulfilled.Inconclusion,the answertothethirdresearchquestionis:
- Toachievegoodqualityschedulesonthehighlycon strainedbenchmarkscheduling
problemtheEAhastouseaseedingstrategy.
- TheschedulederivedbytheEAproposedinthisres earchisfeasibleandhasaqualityof
28,whichmeansallsevereandmediumsoftconstrai ntswerefulfilledandonlyminorsoft
constraintswerenotfulfilled.

Theanswertotheproblemstatement ‘TowhatextentcanEAsbeusedtosolvestaff
schedulingproblems?` isasfollows:inthisresearchanEAhasbeenprop osedtosolvestaff
schedulingproblems.Theapproachhasshownthatth euseofEAsforsolvingstaff
schedulingproblemsisfeasibleinsuchawaythat optimalschedulescanbegeneratedfora
real-worldstaffschedulingproblem.Thechromosome designhasshowntobesuitableto
solveschedulingproblems.Thedesignissufficient lygenerictodealwithnewscheduling
problems.Moreover,theapproachhasshowntobead equatelyflexibletoaddnew
constraints.
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ABBREVIATIONSANDACRONYMS


EA   Evolutionaryalgorithm

EVOP   Evolutionaryoperator

GreAlg  Greedyalgorithm

MOOP  Multi-objectiveoptimisationproblem

NSP   Nurseschedulingproblem
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APPENDICES

APPENDIXA: EMPLOYEESANDASSIGNMENTSTEST AMPLE
Therulesappliedforassigningemployeestopositi onsinthisresearchareasfollows:
- Employeeswithoutqualification(forprimusorguid e)andwithoutpreferenceforbirdare
automaticallyassignedtoposition‘partner’.
- Ifanemployeehasenrolledforoneadditionalposi tion(primus,guide,bird),thenthe
employeewillbeassignedtothisadditionalpositi on1.Ifnotalltheemployee’sworking
timeslotscanbeassignedtotheadditionalrole( incasetheemployeehasindicateda
maximumoftimeslotsforbird,orincaseofanod dnumberoftimeslotsforprimus),the
remainingtimeslotswillbeassignedto‘partner’.
- Anemployeecanonlybeassignedtobirdifavailab leonweekdays,onmornings.
- Incasethetimeslotsforacertainpositionexcee dtherequirednumber,theschedulercan
choosenottousealltimeslotsforthisadditiona lpositions,butinsteadassignsomeofthe
timeslotsto‘partner’.Forposition‘primus’each employeemustbeassignedtoprimusat
leastfortwotimeslots,remainingtimeslotsmay beassignedto‘partner’.Fortestset
Ample6potentialprimustimeslotswereassignedt opartnerandforScarcely2potential
primustimeslotswereassignedtopartner.
- Ifanemployeehasenrolledfortwoadditionalposi tions,then:
- Ifenrolledforguideandprimus,theemployeewill beassignedtobothpositions,each
inaseparateassignment,whichwillbescheduledo nthesametimeslot.Combined
positionsareexplainedinSection4.2.1.Combinati onguideandbirdworkssimilarly,
butisnotusedforthemuseum’stestsbecausethe testdatacontainsonlyasingletime
slotbird/guide.
- Ifenrolledforprimusandbird,theemployeewill beassignedtoprimusforaneven
numberoftimeslots(atleasttwo).One(ormore, dependingonmaximumnumberof
birdsindicated)timeslotwillbeassignedtobird .Primusandbirdcannotbescheduled
atthesametimeslot.Anyremainingtimeslotswil lbeassignedtopartner.
- Noemployeeshaveenrolledformorethantwoadditi onalpositions.

Inthisresearchwaschosentocomposetheassignme ntsasdescribedabove.Therearevarious
otherpossibilitiesforcomposingassignments.The museumcanchoosetoapplydifferent
rulesandautomatethecomposingofassignments.

TheassignmentsarestatedinTable8.3(Ample)and Table8.9(Scarcely).Table8.1presents
acompositionfor(apartof)theassignmentsfort estAmple.Thecompletesetconsistsof483
assignments:477(sumofallworkingtimeslots)pl us6(combinedassignmentsprimus+
guide,2foremployee29and4foremployee108).T hesequenceoftheassignmentsdepends
ontheimplementation.Thesequenceusedinthepro totypeissimilartothesequenceof
assignmentsasstatedintheinputfile(anXML-fil e).However,inotherimplementationsthe
sequencemaybedifferent,forinstancebasedonth esequenceofentryinanon-lineinterface.
                                            
1
Additionalpositionsaregivenpriorityto‘regula r’partner.Bydoingso,allprovidedassignmentsf orbird,
guideandprimuscanbeusedforscheduling.Conseq uently,theresultingschedulemayhavea(small)s urplusof
thesepositionsoncertaintimeslots.Inthatcase theschedulercanchoosewhichemployeetousefor the
additionalposition,anysuperfluousemployeescan beusedasregularpartner.
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Table8.1Examplefor(apartofthe)assignmentsf ortestsetAmple.
index 1 2 3 4 5 6 7 8 9 10
Employee 6 6 6 6 7 7 7 7 8 8
Position primus  primus primus primus guide guide guide guide primus  primus
index 11 12 13 14 15 16 17 18 19 20
Employee 8 8 9 9 9 9 11 11 11 11
Position bird bird partner  partner partner partner guide guide guide guide
index 21 22 23 24 25 26 27 28 29 30
Employee 13 13 14 14 14 14 14 14 14 14
Position guide guide primus  primus primus primus primus primus primus primus

Table8.2KeytosymbolsforTable8.3andTable8. 9
Id EmployeeId
Account Maximumnumberofworkingtimeslotsperscheduling period
Pref. Preferencefor:
0=fulldays;
1=halfdays;
2=nopreferencegiven;
Available Daysanddailyperiodsavailable:
Tu:Tuesday  TuM:morning TuA:afternoon
We:Wednesday WeM:morning WeA:afternoon
Th:Thursday  ThM:morning ThA:afternoon
Fr:Friday  FrM:morning FrA:afternoon
Sa:Saturday  SaM:morning SaA:afternoon
Su:Sunday  SuM:morning SuA:afternoon
Positionsindicated
isprimus 2=e mployeeisqualifiedforp rimus
0=notqualifiedforprimus
isguide 1= employeeisqualifiedfor guide
0=notqualifiedforguide
isbird 1 =e mployeecanbescheduledasb ird
0=notavailableforbird
maxbird maximumnumberofdailyperiodsforschedulingas bird forthe
schedulingperiod
Assignments
primus Numberofprimusassignments
guide Numberofguideassignments
bird Numberofbirdassignments
partner Numberofpartnerassignments

64
Table8.3EmployeedataandassignmentsfortestAm ple
     
Positionsindicated Assignments
id
ac
count pref. availableon
is
primus
is
guide
is
bird
max
bird primus guide bird partner
6 4  1 Tu,We,Th,Sa,Su 2 0 0 0 4 0 0 0
7 4  1 We,Sa,Su 0 1 0 0 0 4 0 0
8 4  1 Tu,We,Fr 2 0 1 4 2 0 2 0
9 4  0 Fr,Su 0 0 0 0 0 0 0 4
11 4  1 Fr,Sa,Su 0 1 0 0 0 4 0 0
13 2  1 SuM 0 1 0 0 0 2 0 0
14 8 0 We 2 0 0 0 8 0 0 0
16 1  1 WeA,SaA,SuA 0 1 0 0 0 1 0 0
17 6  1 FrA,SuA 0 0 0 0 0 0 0 6
18 2  1 SaM,SuM 0 1 0 0 0 2 0 0
19 4  1 Tu,FrM 0 0 1 2 0 0 2 2
20 4  1 TuM,SaM,SuM 0 0 0 0 0 0 0 4
21 4  1 Tu,Th 0 0 0 0 0 0 0 4
22 4  0 We,Th 0 0 0 0 0 0 0 4
24 4  0 Sa 0 1 0 0 0 4 0 0
25 4  0 Sa 0 1 0 0 0 4 0 0
26 8  2 Th,SuA 0 0 0 0 0 0 0 8
27 4  1 TuA,Su 0 0 0 0 0 0 0 4
29 4  1 We,Th,Sa 2 1 0 0 2 4 0 0
30 6  1 Fr,Sa,Su 2 0 1 1 2 0 1 3
31 4  0 Sa,Su 0 0 0 0 0 0 0 4
32 4  1 TuA 0 1 0 0 0 4 0 0
33 4 1 SaM,SuM  0 0 0 0 0 0 0 4
34 4  2 We,FrA 2 0 1 1 2 0 1 1
36 4  1
TuA,We,Th,FrA,Sa,
Su 0 0 1 1 0 0 1 3
37 4  2 We,Fr 0 0 1 1 0 0 1 3
38 4 0 We,Th,Sa  0 0 1 1 0 0 1 3
39 4  1 SaM,SuM 0 0 0 0 0 0 0 4
40 4  1 Tu,We,Fr, 2 0 0 0 4 0 0 0
42 4  1 ThA,FrM,SuM 0 0 0 0 0 0 0 4
45 4  1 Th,FrM,SuM 0 0 0 0 0 0 0 4
47 4  0 Tu,We 0 0 0 0 0 0 0 4
49 4  0 We,Th 0 1 0 0 0 4 0 0
51 4  0 Tu,We 2 0 1 1 2 0 1 1
53 4  1 We,ThM,ThA 0 0 0 0 0 0 0 4
54 4  1 Th,FrA 0 0 0 0 0 0 0 4
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55 4  1 FrA,SaA,SuA 0 0 0 0 0 0 0 4
58 4  0 Sa,Su 2 0 0 0 4 0 0 0
59 4  1 We,ThM 0 0 0 0 0 0 0 4
60 4 1 TuM,SaM  0 1 0 0 0 4 0 0
61 4  1 Tu,Th 0 0 1 1 0 0 1 3
64 4  1 TuM,WeM,FrM,SuM 0 0 1 1 0 0 1 3
67 4  0 We,Fr 0 0 0 0 0 0 0 4
69 3  1 FrM 0 0 0 0 0 0 0 3
70 4  0 Tu,We 0 0 0 0 0 0 0 4
71 4  2 Sa,Su 0 0 0 0 0 0 0 4
72 4  1 ThA,FrA 0 0 0 0 0 0 0 4
73 4 1  Fr,Sa,Su  0 1 0 0 0 4 0 0
74 4  1 TuM,ThM 0 0 0 0 0 0 0 4
76 4  0 Tu,We 0 0 1 1 0 0 1 3
78 4  1 Fr,SaM 0 0 1 1 0 0 1 3
79 4  1 TuM,FrM 0 0 1 1 0 0 1 3
80 4  1 FrA 0 0 0 0 0 0 0 4
81 4  0 We,Th,Fr 0 0 0 0 0 0 0 4
82 2  1 SaM,SuA 0 0 0 0 0 0 0 2
83 4 0 Sa,Su  0 0 0 0 0 0 0 4
84 4  1 WeA 0 0 0 0 0 0 0 4
86 4  1 Tu,Th 2 0 0 0 4 0 0 0
87 4  0 Tu,Th 0 0 0 0 0 0 0 4
88 4  1 Th,Fr,Sa,Su 0 0 0 0 0 0 0 4
89 4  1 Th,Fr,SaM,SuM 0 0 0 0 0 0 0 4
90 4  1 Tu,ThM 0 0 0 0 0 0 0 4
91 3  2 We 0 1 0 0 0 3 0 0
93 3 2 Sa,Su  0 0 0 0 0 0 0 3
94 4  0 Th,Fr 0 0 1 1 0 0 1 3
95 4  1 Th,FrM, 0 1 0 0 0 4 0 0
97 4  0 Sa 0 0 0 0 0 0 0 4
99 4  1 WeM,FrM,SaM 0 0 1 2 0 0 2 2
102 4  1 ThA 0 0 0 0 0 0 0 4
103 4  0 Tu,Fr 0 0 0 0 0 0 0 4
104 4  1 We,Th,Fr 2 0 0 0 4 0 0 0
105 2 0 Su 0 0 0 0 0 0 0 2
106 2  1 Th 2 0 0 0 2 0 0 0
107 4  1 WeA,FrA,SuA 0 0 0 0 0 0 0 4
108 4  1 Th,Fr 2 1 0 0 4 4 0 0
110 4  1 WeA,SaA,SuA 0 0 0 0 0 0 0 4
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112 4  1 WeM,Su 0 0 0 0 0 0 0 4
113 4  1 Fr,Sa,Su 2 0 0 0 4 0 0 0
114 4  0 Sa,Su 0 0 0 0 0 0 0 4
115 4 1 Th,Fr  0 0 0 0 0 0 0 4
116 4  1 Tu,WeM,Th 0 0 1 1 0 0 1 3
117 4  2 FrA,Sa 0 0 0 0 0 0 0 4
118 5  1 Sa,Su 2 0 0 0 2 0 0 3
119 4  1 TuM,WeM,Su 0 0 0 0 0 0 0 4
120 4  1 TuA,WeM,ThA 0 0 0 0 0 0 0 4
121 4  0 We 0 0 0 0 0 0 0 4
122 4  0 Tu,Fr,Sa,Su 0 0 1 1 0 0 1 3
123 4 0 Sa 0 1 0 0 0 4 0 0
124 4  0 Fr,Su 2 0 0 0 4 0 0 0
125 4  1 WeM,Sa 0 0 0 0 0 0 0 4
126 4  1 TuM,We 0 0 1 1 0 0 1 3
127 4  1 We,Th,Fr,Sa,Su 2 0 0 0 4 0 0 0
128 4  1 TuA,ThA,SaA,SuA 0 0 0 0 0 0 0 4
129 4  1 FrA,SuM 0 1 0 0 0 4 0 0
130 4  1 TuM,SaM 0 0 0 0 0 0 0 4
133 4 1 TuM,ThM  0 0 0 0 0 0 0 4
136 4  0 Th 0 1 1 1 0 4 0 0
140 4  0 Tu,Su 0 1 0 0 0 4 0 0
141 4  1 Tu,Th 0 0 0 0 0 0 0 4
142 4  0 Th,Fr 0 0 0 0 0 0 0 4
146 4  0 Tu,Th 0 1 0 0 0 4 0 0
147 4  1 Tu,ThM 0 1 0 0 0 4 0 0
150 4  0 We,Th,Sa,Su 0 1 0 0 0 4 0 0
153 4 0 We,Th 0 0 1 2 0 0 2 2
154 4  1 WeA,ThA,FrA 0 0 0 0 0 0 0 4
156 2  1 TuM,FrM,SuM 0 0 0 0 0 0 0 2
157 4  0 Tu,Su 0 0 0 0 0 0 0 4
158 4  1 Tu,ThM 0 0 0 0 0 0 0 4
162 4  1 Tu,ThA 0 0 0 0 0 0 0 4
164 4  1 We,Fr,SaM 0 0 1 1 0 0 1 3
165 4  0 Fr,Sa 0 0 0 0 0 0 0 4
166 4 2 We,Th  0 0 0 0 0 0 0 4
169 4  2 Tu,WeM 0 0 0 0 0 0 0 4
170 4  1 WeM,SuM 0 0 1 2 0 0 2 2
171 4  0 Th,Sa 0 0 0 0 0 0 0 4
172 4  1 TuA,WeA,FrA 0 0 0 0 0 0 0 4
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173 4  1 Tu,We,Th,Fr,Sa,Su 0 0 0 0 0 0 0 4
174 4  1 TuA,WeA,FrA,SaM 0 0 0 0 0 0 0 4
176 4  1 Fr,SaM,SuM 0 0 1 1 0 0 1 3
178 6 0 Sa,Su 0 0 0 0 0 0 0 6
sum 477              58 80 27 318 
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APPENDIXB: SCHEDULEGENERATEDBY EA FORTEST AMPLE
Table8.4KeytosymbolsforTable8.5,Table8.10 andTable8.13
Day Daynumber(0 – 23)
Period Timeslotnumber(0=morning,1=afternoon )
Bird Numberofbirdsforday/period
Primus Numberofprimusforday/period
Guide+primus Numberofguide/primuscombinations forday/period
Guide Numberofguideforday/period
Partner Numberofpartnerforday/period
Total Totalnumberofemployeesforday/period
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Table8.5SummaryofschedulegeneratedbyEAfort estAmple
  position      
day period bird primus p+guide guide other sum
0 0 2 1  1  7 11
 1   1  2 7 10
1 0 2 1  2  6 11
 1   1  1 8 10
2 0 3 1  2  7 13
 1   1  2 7 10
3 0 3 1  1  6 11
 1   1  1 8 10
4 0  1   2  7 10
 1   1  2 6 9
5 0  2   2  8 12
 1   2  1 6 9
6 0 2 1  2  4 9
 1   1  2 7 10
7 0 1 2  1  5 9
 1   2  1 7 10
8 0 1  1  1 7 10
 1   1  9 10
9 0 1 1  2  6 10
 1   1  1 8 10
10 0  1   2  7 10
 1   1  1 8 10
11 0  2   2  5 9
 1   2  1 6 9
12 0 3 1  1  4 9
 1   1  2 6 9
13 0 1 1  1  6 9
 1   1  1 7 9
14 0 1  1   8  10
 1   1  1 7 9
15 0 1 1  1  6 9
 1   1  2 7 10
16 0  1   2  6 9
 1   1  2 8 11
17 0  1   2  7 10
 1   1  2 6 9
18 0 1 1  2  7 11
 1   1  2 7 10
19 0 3 2  2  7 14
 1   2  2 6 10
20 0 1 1  2  5 9
 1   1  2 6 9
21 0 1 1 1 1 6 10
 1   1  1 1 7 10
22 0  1   2  6 9
 1   1  2 8 11
23 0  1   2  6 9
 1   1  2 7 10
sum  27  52 6 74 318 477
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Table8.6KeytosymbolsforTable8.7,Table8.11 andTable8.14
Symbol Position
B bird
G guide
O other(regularpartner)
P primus
PG primus+guide

Table8.7CompleteschedulegeneratedbyEAfortes tAmple
Empl.id timeslot Tu  We Th Fr Sa  Su Tu We Th Fr Sa  Su Tu We Th Fr Sa  Su Tu We Th Fr Sa  Su
Emp6 0       P                     P
 1       P                     P
Emp7 0            G               
 1      G                G   G   
Emp8 0  B      P      B            
 1        P                   
Emp9 0           O                 O
 1           O                 O
Emp11 0      G     G                
 1                    G        G
Emp13 0       G                      G
 1                           
Emp14 0   P      P       P       P    
 1   P      P       P       P    
Emp16 0                           
 1         G                  
Emp17 0                           
 1           O  O        O  O     O  O
Emp18 0       G                      G
 1                           
Emp19 0  B         O   B           O  
 1                           
Emp20 0      O  O       O         O     
 1                           
Emp21 0    O                       
 1        O       O         O     
Emp22 0    O              O         
 1    O              O         
Emp24 0      G                     G
 1      G                     G
Emp25 0            G         G      
 1            G         G      
Emp26 0                  O       O   
 1    O   O    O    O          O    O   
Emp27 0       O       O                O
 1              O             
Emp29 0          PG                  
 1          PG         G       G   
Emp30 0     B O               P      
 1            O         P      O
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Empl.id timeslot Tu  We Th Fr Sa  Su Tu We Th Fr Sa  Su Tu We Th Fr Sa  Su Tu We Th Fr Sa  Su
Emp31 0            O         O      
 1            O         O      
Emp32 0                           
 1  G       G       G         G     
Emp33 0       O       O         O       O
 1                           
Emp34 0   O      P               B   
 1         P                  
Emp36 0   B                  O      
 1             O                O
Emp37 0                B          
 1   O      O       O          
Emp38 0    B                       O
 1    O                       O
Emp39 0       O       O          O      O
 1                           
Emp40 0           P            P    
 1           P            P    
Emp42 0     O       O                
 1                  O       O   
Emp45 0       O       O          O     O 
 1                           
Emp47 0   O                     O   
 1   O                     O   
Emp49 0   G                     G   
 1   G                     G   
Emp51 0   B                     P   
 1   O                     P   
Emp53 0    O      O       O          
 1                        O   
Emp54 0          O                O   
 1     O                O       
Emp55 0                           
 1       O       O        O       O
Emp58 0            P                P
 1            P                P
Emp59 0                  O      O   
 1   O      O                  
Emp60 0  G       G       G         G     
 1                           
Emp61 0              O           B  
 1    O    O                    
Emp64 0       O  B            O      O 
 1                           
Emp67 0         O       O          
 1         O       O          
Emp69 0     O                O      O 
 1                           
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Empl.Id timeslot Tu  We Th Fr Sa  Su Tu We Th Fr Sa  Su Tu We Th Fr Sa  Su Tu We Th Fr Sa  Su
Emp70 0               O     O     
 1               O     O     
Emp71 0       O      O             O
 1                   O      
Emp72 0                        
 1     O      O       O        O 
Emp73 0             G            
 1       G           G        G
Emp74 0  O         O       O       O   
 1                        
Emp76 0  O                   B    
 1  O                   O     
Emp78 0     O             O      B 
 1           O             
Emp79 0     O    B         O      O 
 1                        
Emp80 0                        
 1     O       O      O      O 
Emp81 0         O      O         
 1         O      O         
Emp82 0                        O 
 1             O            
Emp83 0      O                  O 
 1      O                  O 
Emp84 0                        
 1   O      O      O      O    
Emp86 0  P            P          
 1  P            P          
Emp87 0  O                   O     
 1  O                   O     
Emp88 0           O           O   
 1      O            O      
Emp89 0      O             O      
 1          O             O   
Emp90 0    O                    
 1        O       O       O     
Emp91 0   G      G            G   
 1                        
Emp93 0      O             O      
 1      O                  
Emp94 0    B      O               
 1    O      O               
Emp95 0     G       G      G      G 
 1                        
Emp97 0            O      O      
 1            O      O      
Emp99 0     B       O     B    O    
 1                        
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Empl.id timeslot Tu  We Th Fr Sa  Su Tu We Th Fr Sa  Su Tu We Th Fr Sa  Su Tu We Th Fr Sa  Su
Emp102 0                         
 1    O      O       O       O   
Emp103 0  O                       O 
 1  O                       O 
Emp104 0     P                  P  
 1     P                  P  
Emp105 0             O             
 1             O             
Emp106 0    P                     
 1    P                     
Emp107 0                         
 1       O     O       O        O
Emp108 0                PG        PG  
 1                PG        PG  
Emp110 0                         
 1   O         O       O       O
Emp112 0         O      O       O   
 1       O                   
Emp113 0             P        P      
 1             P        P      
Emp114 0      O             O      
 1      O             O      
Emp115 0          O       O         
 1     O                    O 
Emp116 0    O            B    O     
 1        O                  
Emp117 0                         
 1     O       O       O       O
Emp118 0       P              O      
 1       P      O              O
Emp119 0  O        O                 O
 1                    O      
Emp120 0   O      O             O   
 1                O         
Emp121 0   O                   O   
 1   O                   O   
Emp122 0           O   B           
 1           O   O            
Emp123 0                   G      G
 1                   G      G
Emp124 0             P            P 
 1             P            P 
Emp125 0                      O   
 1      O      O       O      
Emp126 0                      B   
 1   O      O      O          
Emp127 0      P            P       
 1      P            P       
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Empl.Id timeslot Tu  We Th Fr Sa  Su Tu We Th Fr Sa  Su Tu We Th Fr Sa  Su Tu We Th Fr Sa  Su
Emp128 0                        
 1      O    O          O       O
Emp129 0                   G      
 1     G       G            G 
Emp130 0      O  O       O       O     
 1                        
Emp133 0    O    O         O       O   
 1                        
Emp136 0    G                  G   
 1    G                  G   
Emp140 0             G       G      
 1             G       G      
Emp141 0                O         
 1  O       O               O   
Emp142 0          O       O         
 1          O       O         
Emp146 0        G             G     
 1        G             G     
Emp147 0          G             G   
 1  G             G           
Emp150 0    G           G         
 1    G           G         
Emp153 0    B      B              
 1    O      O               
Emp154 0                        
 1     O      O        O    O   
Emp156 0  O                        O
 1                        
Emp157 0       O             O      
 1       O             O      
Emp158 0    O      O           O     
 1              O           
Emp162 0              O       O     
 1  O       O                 
Emp164 0     O       B      O       
 1                     O   
Emp165 0     O                    O 
 1     O                    O 
Emp166 0   O                     
 1         O       O       O   
Emp169 0        O        O         
 1  O                   O     
Emp170 0   O      B          O   B   
 1                        
Emp171 0            O      O      
 1            O      O      
Emp172 0                        
 1     O    O        O        O 
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Empl.id timeslot Tu  We Th Fr Sa  Su Tu We Th Fr Sa  Su Tu We Th Fr Sa  Su Tu We Th Fr Sa  Su
Emp173 0  O           O            
 1                  O      O 
Emp174 0                        
 1  O          O   O       O     
Emp176 0     B      O      O       
 1                       O 
Emp178 0       O      O            O 
 1       O      O            O 
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APPENDIXC: SCHEDULEGENERATEDBYGREEDYALGORITHMFORTEST AMPLE
Table8.8Summaryofschedulegeneratedbygreedya lgorithmfortestAmple
role
day slot primus bird bird/g primus/g guide partner sum
0 0 1 1 2 5 9
1 1 2 6 9
1 0 1 1 2 5 9
1 1 2 6 9
2 0 1 1 2 5 9
1 1 1 7 9
3 0 1 1 1 6 9
1 1 1 7 9
4 0 1 2 6 9
1 1 3 5 9
5 0 1 2 6 9
1 1 1 7 9
6 0 1 1 1 6 9
1 1 2 6 9
7 0 1 1 1 6 9
1 1 2 6 9
8 0 1 1 2 5 9
1 1 2 6 9
9 0 1 1 1 6 9
1 1 1 7 9
10 0 1 2 6 9
1 1 1 7 9
11 0 1 2 6 9
1 1 8 9
12 0 1 1 1 6 9
1 1 1 7 9
13 0 1 1 6 8
1 1 2 6 9
14 0 1 1 1 6 9
1 1 8 9
15 0 1 1 1 6 9
1 1 1 7 9
16 0 1 1 7 9
1 1 2 6 9
17 0 1 1 7 9
1 1 1 7 9
18 0 1 1 1 6 9
1 1 1 7 9
19 0 1 1 1 6 9
1 1 2 6 9
20 0 1 1 1 6 9
1 1 2 6 9
21 0 1 1 1 6 9
1 1 1 7 9
22 0 1 2 6 9
1 1 1 7 9
23 0 1 2 6 9
1 1 2 6 9
Eindtotaal 42 15 1 6 67 300 431
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APPENDIXD: EMPLOYEESANDASSIGNMENTSFORTEST SCARCELY
Table8.9EmployeedataandassignmentsfortestSc arcely.
    
Positionsindicated Assignments
id
ac-
count pref. availableon
is-
primus
is-
guide
is-
bird
max-
bird primus guide bird partner
6 4 1 Tu 2  0 0 0 4 0 0 0
8 4 1 Tu,We,Fr 2  0 1 4 2 0 2 0
11 4 1 Fr,Sa,Su 0  1 0 0 0 4 0 0
13 2 1 SuM 0  1 0 0 0 2 0 0
14 8 0 We 2  0 0 0 8 0 0 0
16 1 1 WeA,SaA,SuA 0  1 0 0 0 1 0 0
18 2 1 SaM,SuM 0  1 0 0 0 2 0 0
19 4 1 Tu,FrM 0  0 1 2 0 0 2 2
20 4 1 TuM,SaM,SuM 0  0 0 0 0 0 0 4
21 4 1 Tu,Th 0  0 0 0 0 0 0 4
22 4 0 We,Th 0  0 0 0 0 0 0 4
24 4 0 Sa 0  1 0 0 0 4 0 0
25 4 0 Sa 0  1 0 0 0 4 0 0
26 8 2 Th,SuA 0  0 0 0 0 0 0 8
27 4 1 TuA 0  0 0 0 0 0 0 4
29 4 1 Th 2  1 0 0 2 4 0 0
30 6 1 Fr,Sa,Su 2  0 1 1 4 0 1 1
31 4 0 Sa,Su 0  0 0 0 0 0 0 4
32 4 1 TuA 0  1 0 0 0 4 0 0
33 4 1 SaM,SuM 0  0 0 0 0 0 0 4
34 4 2 We,FrA 2  0 1 1 2 0 1 1
36 4 1 TuA,We,Th,FrA,Sa,Su 0  0 1 1 0 0 1 3
37 4 2 We,Fr 0  0 1 1 0 0 1 3
38 4 0 We,Th,Sa 0  0 1 1 0 0 1 3
39 4 1 SaM,SuM 0  0 0 0 0 0 0 4
40 4 1 Tu,We,Fr, 2  0 0 0 4 0 0 0
42 4 1 ThA,FrM,SuM 0  0 1 1 0 0 1 3
45 4 1 Th,FrM,SuM 0  0 0 0 0 0 0 4
47 4 0 Tu 0  0 0 0 0 0 0 4
51 4 0 Tu,We 2  0 1 1 2 0 1 1
53 4 1 ThA 0  0 0 0 0 0 0 4
54 4 1 Th,FrA 0  0 0 0 0 0 0 4
55 4 1 FrA,SaA,SuA 0  0 0 0 0 0 0 4
78
56 2 1 TuM 0  1 0 0 0 2 0 0
58 4 0 Sa,Su 2  0 0 0 4 0 0 0
59 4 1 We,ThM  0 0 0 0 0 0 0 4
60 4 1 TuM,SaM 0  1 0 0 0 4 0 0
61 4 1 Tu,Th 0  0 1 1 0 0 1 3
64 4 1 TuM,WeM,FrM,SuM 0  0 1 1 0 0 1 3
67 4 0 We,Fr 0  0 0 0 0 0 0 4
69 3 1 FrM 0  0 0 0 0 0 0 3
71 4 2 Sa,Su 0  0 0 0 0 0 0 4
72 4 1 ThA,FrA 0  0 0 0 0 0 0 4
73 4 1 Fr,Sa,Su  0 1 0 0 0 4 0 0
74 4 1 TuM 0  0 0 0 0 0 0 4
76 4 0 Tu,We 0  0 1 1 0 0 1 3
78 4 1 Fr,SaM 0  0 1 1 0 0 1 3
79 4 1 WeM,FrM 0  0 1 1 0 0 1 3
80 4 1 FrA 0  0 0 0 0 0 0 4
81 4 0 We,Th,Fr 0  0 0 0 0 0 0 4
82 2 1 SaM,SuA. 0  0 0 0 0 0 0 2
83 4 0 Sa,Su  0 0 0 0 0 0 0 4
84 4 1 WeA 0  0 0 0 0 0 0 4
86 4 1 Tu,Th 2  0 0 0 4 0 0 0
87 4 0 Tu,Th 0  0 0 0 0 0 0 4
88 4 1 Th,Fr,Sa,Su 0  0 0 0 0 0 0 4
89 4 1 Th,Fr 0  0 0 0 0 0 0 4
90 4 1 ThM 0  0 0 0 0 0 0 4
91 3 2 We 0  1 0 0 0 3 0 0
93 3 2 Sa,Su  0 0 0 0 0 0 0 3
94 4 0 Th 0  0 1 1 0 0 1 3
95 4 1 Th,FrM, 0  1 0 0 0 4 0 0
99 4 1 WeM,FrM,SaM, 0  0 1 2 0 0 2 2
102 4 1 ThA 0  0 0 0 0 0 0 4
103 4 0 Tu,Fr 0  0 0 0 0 0 0 4
104 4 1 We,Th,Fr 2  0 0 0 4 0 0 0
106 2 1 Th 2  0 0 0 2 0 0 0
107 4 1 WeA,FrA,SuA.  0 0 0 0 0 0 0 4
108 4 1 Th,Fr, 2  1 0 0 4 4 0 0
110 4 1 SaA,SuA. 0  0 0 0 0 0 0 4
112 4 1 WeM,Su 0  0 0 0 0 0 0 4
113 4 1 Fr,Sa,Su 2  0 0 0 4 0 0 0
114 4 0 Sa,Su 0  0 0 0 0 0 0 4
79
115 4 1 Th,Fr 0  0 0 0 0 0 0 4
116 4 1 Tu,WeM,Th 0  0 1 1 0 0 1 3
117 4 2 FrA,Sa 0 0 0 0 0 0 0 4
118 5 1 Sa,Su 2  0 0 0 4 0 0 1
119 4 1 TuM,WeM 0  0 0 0 0 0 0 4
120 4 1 TuA,WeM,ThA 0  0 0 0 0 0 0 4
121 4 0 We 0  0 0 0 0 0 0 4
122 4 0 Tu,Fr 0  0 1 1 0 0 1 3
125 4 1 WeM,Sa 0  0 0 0 0 0 0 4
126 4 1 TuM,We 0  0 1 1 0 0 1 3
127 4 1 We,Th,Fr  2 0 0 0 4 0 0 0
128 4 1 TuA,ThA,SaA.SuA. 0  0 0 0 0 0 0 4
129 4 1 FrA,SuM 0  1 0 0 0 4 0 0
130 4 1 TuM,SaM 0  0 0 0 0 0 0 4
133 4 1 TuM,ThM 0  0 0 0 0 0 0 4
136 4 0 Th 0  1 1 1 0 4 0 0
141 4 1 Tu,Th 0  0 0 0 0 0 0 4
142 4 1 Th,FrM 0  0 0 0 0 0 0 4
146 4 0 Tu,Fr  0 1 0 0 0 4 0 0
147 4 1 Tu,ThM 0  1 0 0 0 4 0 0
150 4 0 We,Th 0  1 0 0 0 4 0 0
153 4 0 We,Th 0  0 1 2 0 0 2 2
154 4 1 WeA,ThA,FrA, 0  0 0 0 0 0 0 4
156 2 1 TuM,FrM,SuM, 0  0 0 0 0 0 0 2
157 4 0 Tu,Su 0  0 0 0 0 0 0 4
158 4 1 Tu,ThM 0  0 0 0 0 0 0 4
162 4 1 Tu,ThA  0 0 0 0 0 0 0 4
164 4 1 We,Fr 0  0 1 1 0 0 1 3
165 4 0 We,Th 0  0 0 0 0 0 0 4
166 4 2 We,Th 0  0 0 0 0 0 0 4
169 4 2 Tu,WeM 0  0 0 0 0 0 0 4
170 4 1 WeM,SuM 0  0 1 1 0 0 1 3
171 4 0 Th,Sa 0  0 0 0 0 0 0 4
172 4 1 TuA,WeA,FrA 0  0 0 0 0 0 0 4
173 4 1 Tu,We,Th,Fr,Sa,Su  0 0 0 0 0 0 0 4
174 4 1 TuA,WeA,FrA,SaM 0  0 0 0 0 0 0 4
176 4 1 Fr,SaM,SuM 0  0 1 1 0 0 1 3
178 6 0 Sa,Su 0  0 0 0 0 0 0 6
sum 439             58 66 27 294 
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APPENDIXE: SCHEDULEGENERATEDBY EA FORTEST SCARCELY
Table8.10summaryofschedulegeneratedbyEAfor testScarcely
   Position      
Day Shift bird primus  guide+p guide partner sum
0 0 2 1 1 5 9
 1  1 1 7 9
1 0 1 2 1 6 10
 1  2 1 6 9
2 0 1 1 1 7 10
 1  1 1 1 7 10
3 0 2 1 1 1 4 9
 1  1 1 1 6 9
4 0 1 2 6 9
 1  1 2 6 9
5 0 1 2 6 9
 1  1 1 7 9
6 0 1 1 1 6 9
 1  1 2 6 9
7 0 3 1 1 4 9
 1  1 1 7 9
8 0 1 1 1 6 9
 1  1 1 7 9
9 0 4 1 1 3 9
 1  1 1 7 9
10 0 1 1 7 9
 1  1 2 6 9
11 0 1 1 7 9
 1  1 1 7 9
12 0 2 1 1 5 9
 1  1 1 7 9
13 0 1 2 1 5 9
 1  2 1 6 9
14 0 2 1 1 5 9
 1  1 1 7 9
15 0 1 1 1 6 9
 1  1 2 6 9
16 0 1 2 6 9
 1  1 1 7 9
17 0 1 2 6 9
 1  1 1 7 9
18 0 2 1 2 5 10
 1  1 2 6 9
19 0 2 1 1 6 10
 1  1 1 7 9
20 0 1 2 2 5 10
 1  2 2 5 9
21 0 1 1 1 7 10
 1  1 1 7 9
22 0 1 1 7 9
 1  1 2 6 9
23 0 1 1 7 9
 1  1 1 7 9
sum  27  52 6 60 294 439
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Table8.11CompleteschedulegeneratedbyEAforte stScarcely
Empl.id timeslot Tu We Th Fr Sa Su  Tu We Th Fr Sa Su  Tu We Th Fr Sa Su  Tu We Th Fr Sa Su
Emp6 0  P                      P      
  1  P                                    P          
Emp8 0         B           B        P   
  1                                           P    
Emp11 0                            
  1         G            G          G              G  
Emp13 0       G              G       
  1                                               
Emp14 0   P       P       P       P    
  1   P           P           P           P       
Emp16 0                            
  1                           G                    
Emp18 0              G       G       
  1                                               
Emp19 0  B           O        O        B   
  1                                               
Emp20 0      O        O         O  O      
  1                                               
Emp21 0    O               O           
  1             O                        O          
Emp22 0   O                      O     
  1   O                                    O        
Emp24 0      G               G         
  1         G                        G              
Emp25 0             G               G  
  1                     G                        G  
Emp26 0           O        O        O    
  1     O      O            O            O            O
Emp27 0                            
  1  O           O            O            O          
Emp29 0    PG                      G    
  1     PG                       G                  
Emp30 0       P     B          P       
  1           P          O              P            
Emp31 0      O                      O  
  1         O                                    O  
Emp32 0                            
  1  G           G            G            G          
Emp33 0      O         O      O         O
  1                                               
Emp34 0   P       B                  
  1   P                       O                    
Emp36 0                 B           
  1         O              O                O        
Emp37 0   B       O                   
  1               O                        O        
Emp38 0           B              O     
  1                 O                      O        
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Empl.id timeslot Tu  We Th Fr Sa  Su Tu We Th Fr Sa  Su Tu We Th Fr Sa  Su Tu We Th Fr Sa  Su
Emp39 0      O        O        O         O
  1                                               
Emp40 0            P        P          
  1                   P            P                
Emp42 0            B          O       O
  1     O                                          
Emp45 0       O       O     O          O
  1                                               
Emp47 0  O               O             
  1  O                       O                      
Emp51 0                 P      B      
  1                           P         O          
Emp53 0                            
  1     O            O            O            O      
Emp54 0                            
  1       O            O            O            O    
Emp55 0                            
  1           O          O            O              O
Emp56 0                G        G      
  1                                               
Emp58 0             P               P  
  1                     P                        P  
Emp59 0   O                O           
  1               O                        O        
Emp60 0      G    G            G    G      
  1                                               
Emp61 0         O               B      
  1  O                           O                  
Emp64 0     B        O          O       O
  1                                               
Emp67 0   O                        O   
  1   O                                        O    
Emp69 0     O        O               O   
  1                                               
Emp71 0       O      O                
  1                                   O            O
Emp72 0                            
  1       O            O            O            O    
Emp73 0                            
  1           G            G            G            G
Emp74 0  O        O        O        O      
  1                                               
Emp76 0   O              B             
  1   O                      O                      
Emp78 0     O        B         O        O  
  1                                               
Emp79 0     O      B       O        O     
  1                                               

83
Empl.Id timeslot Tu  We Th Fr Sa  Su Tu We Th Fr Sa  Su Tu We Th Fr Sa  Su Tu We Th Fr Sa  Su
Emp80 0                            
  1       O            O            O        O   
Emp81 0     O               O          
  1       O                        O           
Emp82 0                    O         
  1                       O                   
Emp83 0              O       O       
  1                       O           O        
Emp84 0                            
  1   O            O            O          O      
Emp86 0         P        P             
  1             P            P                 
Emp87 0  O               O             
  1  O                       O                 
Emp88 0                            
  1         O          O              O         O  
Emp89 0                          O   
  1       O            O          O             
Emp90 0    O        O        O        O    
  1                                          
Emp91 0          G        G            
  1               G                           
Emp93 0                           O  
  1                                 O         O  
Emp94 0    B        O                  
  1     O            O                         
Emp95 0            G        G          
  1     G                                 G     
Emp99 0      O       B        O      B    
  1                                          
Emp102  0                           
  1     O            O            O         O     
Emp103  0        O                  O   
  1             O                          O   
Emp104  0   P                      P    
  1     P                                 P     
Emp106  0          P                  
  1                 P                         
Emp107  0                           
  1           O            O           O        O
Emp108  0    PG              PG           
  1       PG                     PG            
Emp110  0                           
  1         O              O           O        O
Emp112  0      O       O              
  1                                  O        O
Emp113  0     P                       P
  1         P                                 P
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Empl.id timeslot Tu  We Th Fr Sa  Su Tu We Th Fr Sa  Su Tu We Th Fr Sa  Su Tu We Th Fr Sa  Su
Emp114  0      O                    O  
  1           O                                  O  
Emp115  0   O                       O   
  1                 O            O                  
Emp116  0   O        O        B       O     
  1                                               
Emp117  0            O               O  
  1         O                        O              
Emp118  0             P      P         
  1           O            P          P              
Emp119  0  O       O         O       O      
  1                                               
Emp120  0                           
  1  O               O            O        O          
Emp121  0         O        O            
  1               O            O                    
Emp122  0 B                         O   
  1  O                                         O    
Emp125  0                          O  
  1         O            O            O              
Emp126  0               B         O     
  1   O            O                                
Emp127  0    P                     P    
  1       P                                  P      
Emp128  0                           
  1           O          O            O            O  
Emp129  0      G                     G
  1                   G            G                
Emp130  0     O    O            O        O  
  1                                               
Emp133  0   O        O      O          O    
  1                                               
Emp136  0          G               G    
  1                 G                        G      
Emp141  0   O               O      O      
  1                 O                              
Emp142  0   O        O         O        O   
  1                                               
Emp146  0    G                      G   
  1       G                                    G    
Emp147  0 G                 G           
  1             G                        G          
Emp150  0  G                      G     
  1   G                                    G        
Emp153  0                 B        B    
  1                             O            O      
Emp154  0                           
  1     O              O        O              O      
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Empl.id timeslot Tu  We Th Fr Sa  Su Tu We Th Fr Sa  Su Tu We Th Fr Sa  Su Tu We Th Fr Sa  Su
Emp156  0             O       O       
  1                                               
Emp157  0             O       O       
  1                       O            O            
Emp158  0 O                      O      
  1             O            O                      
Emp162  0 O        O        O             
  1                                     O          
Emp164  0                       B    
  1   O            O                O                
Emp165  0         O                O    
  1               O                          O      
Emp166  0         O        O         O    
  1                           O                    
Emp169  0  O                          
  1             O            O            O          
Emp170  0      O   B       O        O     
  1                                               
Emp171  0            O        O         
  1                     O            O              
Emp172  0                           
  1       O      O            O                  O    
Emp173  0            O                
  1     O                          O              O  
Emp174  0                           
  1  O                 O        O            O        
Emp176  0    B          O     O          O
  1                                               
Emp178  0      O      O                O
  1           O          O                          O
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APPENDIX F: SCHEDULEGENERATEDBYGREEDYALGORITHMFORTEST SCARCELY
Table8.12Summaryofschedulegeneratedbygreedy algorithmfortestScarcely
position
date periode bird primus guide+p guide partner sum
20091117 0 1 1 2 5 9
1 1 2 6 9
20091118 0 1 1 1 6 9
1 1 2 6 9
20091119 0 1 1 2 5 9
1 1 2 6 9
20091120 0 1 1 1 6 9
1 1 1 7 9
20091121 0 1 2 6 9
1 1 1 5 7
20091122 0 1 2 6 9
1 1 8 9
20091124 0 1 1 2 5 9
1 1 2 6 9
20091125 0 1 1 1 6 9
1 1 1 6 8
20091126 0 1 1 1 6 9
1 1 8 9
20091127 0 1 1 1 6 9
1 1 1 7 9
20091128 0 1 2 6 9
1 1 2 4 7
20091129 0 1 2 6 9
1 1 7 8
20091201 0 1 1 2 5 9
1 1 1 6 8
20091202 0 1 1 6 8
1 1 1 6 8
20091203 0 1 1 2 4 8
1 1 1 7 9
20091204 0 1 1 1 6 9
1 1 7 8
20091205 0 1 1 6 8
1 1 2 5 8
20091206 0 1 1 5 7
1 1 1 6 8
20091208 0 1 1 1 6 9
1 1 1 7 9
20091209 0 1 1 1 6 9
1 1 1 5 7
20091210 0 1 1 1 6 9
1 1 1 7 9
20091211 0 1 1 5 7
1 1 1 6 8
20091212 0 1 8 9
1 2 7 9
20091213 0 1 1 6 8
1 1 1 6 8
sum 16 40 6 58 289 409
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APPENDIXG: SCHEDULEGENERATEDBY EAFORTESTADDITIONALCONSTRAINTS
Table8.13SummaryofschedulegeneratedbyEAfor testadditionalconstraints
   Position      
Day Shift bird primus  guide+p guide partner  sum
0 0 2 1  1  5 9
 1   1   2  7 10
1 0 2 2  1  5 10
 1   2   1  6 9
2 0 1 2  1  7 11
 1   2   1  8 11
3 0 2  1  1 5 9
 1     1  1 8 10
4 0  1   3 7 11
 1   1   3 5 9
5 0  1   2  6 9
 1   1   1  9 11
6 0 1 1  2  7 11
 1   1   2  7 10
7 0 2 1  1  7 11
 1   1   1  7 9
8 0 1  1  1 6 9
 1     1  1 7 9
9 0 1  1  1 6 9
 1     1  1 8 10
10 0  1   3 8 12
 1   1   3 6 10
11 0  2   2  6 10
 1   2   2  6 10
12 0 1 1  2  6 10
 1   1   2  7 10
13 0 1 2  1  8 12
 1   2   2  6 10
14 0 2 1  1  6 10
 1   1   1  7 9
15 0 3 1  1  5 10
 1   1   1  7 9
16 0  1   3 6 10
 1   1   3 5 9
17 0  1   1  8 10
 1   1   1  9 11
18 0 1 1  1  6 9
 1   1   1  7 9
19 0 1 1  1  7 10
 1   1   1  8 10
20 0 2 1  1  5 9
 1   1   1  8 10
21 0 4 2  1  4 11
 1   2   1  7 10
22 0  1   3 7 11
 1   1   3 6 10
23 0  1   1  8 10
 1   1   2  6 9
sum  27  52 6 74 318 477
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Table8.14CompleteschedulegeneratedbyEAforte stadditionalconstraints
Emplid timeslot Tu  We Th Fr Sa  Su Tu We Th Fr Sa  Su Tu We Th Fr Sa  Su Tu We Th Fr Sa  Su
Emp6 0       P                 P   
  1          P                           P     
Emp7 0                          
  1   G               G      G                 G 
Emp8 0         B         B        P  
  1                                       P   
Emp9 0     O        O               
  1       O         O                          
Emp11 0       G                   
  1                    G            G          G 
Emp13 0              G       G      
  1                                          
Emp14 0   P       P       P      P   
  1   P         P           P          P       
Emp16 0                          
  1                                           G
Emp17 0                          
  1       O   O          O        O    O            O
Emp18 0              G      G       
  1                                          
Emp19 0  B        O                 B  
  1                      O                    
Emp20 0      O         O       O  O     
  1                                          
Emp21 0    O        O        O         
  1                                     O     
Emp22 0   O               O          
  1   O                     O                  
Emp24 0             G        G       
  1                  G            G            
Emp25 0      G                     G 
  1         G                                 G 
Emp26 0    O               O         
  1          O    O      O            O      O      O
Emp27 0                           O
  1          O          O            O           
Emp29 0           PG                
  1     G         PG           G                
Emp30 0              O     B       P  
  1       O         O                       P   
Emp31 0             O        O       
  1                  O            O            
Emp32 0                          
  1  G          G           G           G         
Emp33 0       O       O      O        O
  1                                          
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Emplid timeslot Tu  We Th Fr Sa  Su Tu We Th Fr Sa  Su Tu We Th Fr Sa  Su Tu We Th Fr Sa  Su
Emp34 0          B       P       O     
  1                     P                  
Emp36 0                         B    
  1         O       O           O              
Emp37 0            O        B          
  1       O                 O                
Emp38 0           B                 O  
  1              O                         O  
Emp39 0       O       O      O         O
  1                                        
Emp40 0   P                    P      
  1   P                          P          
Emp42 0       O     O          O     O   
  1                                        
Emp45 0       O                     
  1              O          O            O      
Emp47 0  O                       O     
  1  O                              O        
Emp49 0          G        G            
  1             G         G                   
Emp51 0         P        B             
  1            P         O                     
Emp53 0          O        O        O     
  1   O                                     
Emp54 0    O        O               O    
  1                       O                  
Emp55 0                            
  1          O        O          O        O    
Emp58 0              P             P  
  1                  P                    P  
Emp59 0   O                          
  1             O         O           O        
Emp60 0      G        G    G            G  
  1                                        
Emp61 0    B               O        O    
  1              O                           
Emp64 0  O           B      O        O     
  1                                        
Emp67 0     O             O            
  1       O              O                   
Emp69 0     O               O        O   
  1                                        
Emp70 0         O                O     
  1            O                     O        
Emp71 0             O        O         
  1                 O          O              
Emp72 0                            
  1       O       O           O            O    
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Emplid timeslot Tu  We Th Fr Sa  Su Tu We Th Fr Sa  Su Tu We Th Fr Sa  Su Tu We Th Fr Sa  Su
Emp73 0                           G  
  1         G          G        G              
Emp74 0    O      O        O        O      
  1                                        
Emp76 0         O               B      
  1            O                   O          
Emp78 0      O       O        B         O  
  1                                        
Emp79 0     O     O           O        B   
  1                                        
Emp80 0                            
  1       O        O         O            O    
Emp81 0   O                      O     
  1   O                             O        
Emp82 0      O                       
  1                            O            
Emp83 0             O                O
  1                 O                        O
Emp84 0                            
  1   O          O         O           O        
Emp86 0  P               P             
  1  P                   P                     
Emp87 0  O                        O    
  1  O                                O      
Emp88 0                     O       
  1         O          O                O      
Emp89 0       O             O        O  
  1               O                         
Emp90 0    O                    O      
  1            O         O                     
Emp91 0   G                      G     
  1                                G        
Emp93 0              O       O       O
  1                                        
Emp94 0                  B        O    
  1                       O            O      
Emp95 0     G        G        G        G   
  1                                        
Emp97 0      O                      O  
  1         O                              O  
Emp99 0     B      O          O        B   
  1                                        
Emp102  0                           
  1     O         O          O            O      
Emp103  0        O               O      
  1            O                   O          
Emp104  0   P               P           
  1     P                  P                  
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Emplid timeslot Tu  We Th Fr Sa  Su Tu We Th Fr Sa  Su Tu We Th Fr Sa  Su Tu We Th Fr Sa  Su
Emp105  0                    O      
  1                               O           
Emp106  0   P                       
  1     P                                    
Emp107  0                         
  1          O   O               O       O       
Emp108  0    PG        PG               
  1       PG        PG                         
Emp110  0                         
  1          O   O                 O           O 
Emp112  0         O                 
  1          O                     O            O
Emp113  0     P              P        
  1         P                   P              
Emp114  0            O               O
  1                 O                         O
Emp115  0          O        O        O  
  1     O                                    
Emp116  0        O          O       B   
  1     O                                    
Emp117  0                         
  1         O         O          O           O   
Emp118  0             P       O      O 
  1         O           P                      
Emp119  0  O        O       O        O    
  1                                         
Emp120  0         O        O          
  1     O                           O         
Emp121  0         O        O          
  1             O           O                  
Emp122  0 B                    O      
  1  O                             O           
Emp123  0     G        G              
  1         G         G                        
Emp124  0                    P       P
  1                               P            P
Emp125  0     O        O     O          
  1                                        O 
Emp126  0  B             O       O     
  1             O                             
Emp127  0            P        P       
  1                 P            P            
Emp128  0                         
  1          O  O          O                   O 
Emp129  0                         
  1       G        G            G           G   
Emp130  0     O        O    O           O 
  1                                         
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Emplid timeslot Tu  We Th Fr Sa  Su Tu We Th Fr Sa  Su Tu We Th Fr Sa  Su Tu We Th Fr Sa  Su
Emp133  0 O          O        O        O    
  1                                        
Emp136  0          G               G    
  1              G                     G      
Emp140  0 G                           G
  1  G                                      G
Emp141  0                           
  1     O       O            O        O          
Emp142  0   O        O                  
  1     O         O                           
Emp146  0        G        G             
  1            G         G                     
Emp147  0   G      G          G      G      
  1                                        
Emp150  0      G             G         
  1          G                G              
Emp153  0                 B       B    
  1                       O          O        
Emp154  0                           
  1   O          O           O            O      
Emp156  0             O  O             
  1                                        
Emp157  0 O                           O
  1  O                                      O
Emp158  0          O                  
  1  O                  O           O          
Emp162  0               O        O      
  1     O       O                             
Emp164  0    O        O        O        B   
  1                                        
Emp165  0           O               O   
  1               O                     O    
Emp166  0  O               O            
  1   O                  O                   
Emp169  0         O                   
  1  O                  O           O          
Emp170  0  B       B           O       O
  1                                        
Emp171  0   O                        O  
  1     O                                 O  
Emp172  0                           
  1  O             O         O        O        
Emp173  0                           
  1       O           O          O        O    
Emp174  0     O        O                
  1                    O           O          
Emp176  0    B               O          
  1               O                     O    
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Emplid timeslot Tu  We Th Fr Sa  Su Tu We Th Fr Sa  Su Tu We Th Fr Sa  Su Tu We Th Fr Sa  Su
Emp178  0      O      O        O         
  1          O       O          O              

